Comparative analysis of Sonic Hedgehog signalling and the response to Sonic Hedgehog signalling in vertebrate forelimbs and hindlimbs by Carkett, MD
	  	  	  	  Comparative	  analysis	  of	  Sonic	  Hedgehog	  signalling	  and	  the	  response	  to	  Sonic	  Hedgehog	  signalling	  in	  vertebrate	  forelimbs	  and	  hindlimbs	  	  	  	  	  	  	  	  Martin	  David	  Carkett	  	   	  Division	  of	  Developmental	  Biology,	  MRC	  Francis	  Crick	  Institute,	  Mill	  Hill	  Laboratories	  Mill	  Hill,	  London	  	  	  UCL	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Submitted	  in	  2015	  for	  the	  degree	  of	  doctor	  of	  philosophy	  
	   2	  
Declaration	  
















	   3	  
	  
Acknowledgments	  	  	  












The	   Sonic	   Hedgehog	   (Shh)	   morphogen	   is	   required	   to	   establish	  anteroposterior	  (AP)	  pattern	  in	  vertebrate	  limbs.	  Limb	  progenitors	  exposed	  to	   increasing	   levels	   or	   durations	   of	   Shh	   signalling	   ultimately	   give	   rise	   to	  progressively	   more	   posterior	   structures.	   However,	   how	   Shh	   specifies	  different	   digit	   identities	   at	   a	   molecular	   level	   is	   poorly	   understood	   and	  molecular	  markers	   of	   individual	   digits	   are	   yet	   to	   be	   determined.	   Shh	   also	  patterns	   the	   dorsoventral	   axis	   of	   the	   vertebrate	   neural	   tube,	   where	  desensitisation	  to	  Shh	  signalling	  via	  Patched-­‐mediated	  negative	   feedback	  –	  termed	   temporal	   adaptation	   -­‐	   is	   required	   for	   correct	   interpretation	   of	   the	  Shh	  morphogen	  gradient.	  To	   investigate	  how	   limb	  progenitors	   respond	   to,	  and	  integrate,	  different	  levels	  and	  durations	  of	  Shh	  signalling	  at	  a	  molecular	  level	   I	   have	   developed	   an	   ex	   vivo	   assay	   and	   used	   RNA-­‐sequencing	   to	  examine	  the	  immediate	  transcriptional	  responses	  of	  chick	  limb	  progenitors	  exposed	   to	   defined	   concentrations	   of	   Shh	   over	   fixed	   periods	   of	   time.	   I	  observe	   that	   limb	   progenitors	   initially	   respond	   equivalently	   to	   different	  concentrations	  of	  Shh	  but	  establish	  a	  graded	  response	  over	  time	  through	  a	  variation	   of	   a	   temporal	   adaptation	   mechanism	   in	   which	   both	   signal	  desensitisation	   and	   signal	   accumulation	   are	   required	   to	   generate	   distinct	  transcriptional	   outputs.	   I	   demonstrate	   that	   signal	   desensitisation	   is	  mediated,	  at	   least	   in	  part,	  by	  Patched-­‐mediated	  negative	  feedback,	  but	  that	  additional	  cell-­‐autonomous	  and	  noncell-­‐autonomous	   feedback	  mechanisms	  operating	   through	   Sufu/Gli	   and	   Disp1	   also	   exist.	   I	   further	   use	   in	   silico	  analyses	  to	  identify	  candidate	  markers	  of	  digit	  identities	  that	  are	  induced	  by	  different	   levels	  of	  Shh	  signalling.	   I	  show	  a	  subset	  of	  candidate	  markers	  are	  expressed	  in	  intermediate	  AP	  domains,	  consistent	  with	  predictions,	  and	  may	  mark	   or	   specify	   middle	   digit	   identities.	   Finally,	   I	   have	   investigated	  differences	  in	  Shh	  signalling	  dynamics	  and	  the	  response	  to	  Shh	  signalling	  in	  chick	   forelimbs	   and	   hindlimbs	   and	   provide	   evidence	   that	   hindlimbs	   are	  patterned	  by	  Shh	  over	  a	  shorter	  period	  of	  time.	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1.1	  The	  embryological	  origin	  and	  formation	  of	  vertebrate	  limbs	  
The	  skeletal	  structure	  of	  the	  vertebrate	  limb	  
Tetrapods	  have	  two	  sets	  of	  serially	  homologous,	  paired	  appendages,	  forelimbs	  and	  hindlimbs.	   These	   are	   formed	   along	   three	   axes:	   the	   proximodistal	   (PD)	   axis	   –	  shoulder	  (proximal)	  to	  finger	  (distal),	  the	  dorsoventral	  (DV)	  axis	  –	  back	  of	  the	  hand	  (dorsal)	   to	   the	   palm	   of	   the	   hand	   (ventral),	   and	   the	   anteroposterior	   (AP)	   axis	   –thumb	  (anterior)	  to	  little	  finger	  (posterior)	  (Fig.	  1).	  	  
Although	  great	  diversity	   in	  the	  morphologies	  of	   limbs	  has	  evolved	  among	  species,	  all	   vertebrate	   forelimbs	   and	   hindlimbs	   share	   the	   same	   basic	   elements	   of	   their	  skeletal	   structure.	  The	   skeletal	   structures	  of	   forelimbs	  and	  hindlimbs	  are	  divided	  into	  three	  anatomical	  sections:	  the	  stylopod,	  the	  zeugopod	  and	  the	  autopod	  (Fig.	  1).	  The	   stylopod,	   the	   most	   proximal	   section,	   is	   comprised	   of	   a	   single	   bone,	   the	  humerus/femur	  (forelimb/hindlimb),	  the	  zeugopod	  of	  two	  bones,	  the	  radius/tibia	  and	   ulna/fibular,	   whilst	   the	   autopod	   includes	   the	   wrist/ankle	   elements,	   the	  carpals/tarsals	   and	   the	   metacarpals/metatarsals	   and	   phalanges,	   which	   comprise	  the	  remainder	  of	  the	  hand/footplate	  and	  the	  digits	  (Fig.	  1).	  	  
Interestingly,	   despite	  being	   controlled	  by	   conserved	  genetic	   regulatory	  networks,	  the	   number	   of	   digits	  within	   respective	   limbs	   can	   vary	   both	   between	   species	   and	  within	   a	   species.	   Humans	   have	   five	   digits	   in	   both	   forelimbs	   and	   hindlimbs,	  numbered	   1-­‐5	   from	   anterior	   to	   posterior,	   but	   the	   chicken	   –the	   model	   organism	  used	   in	   this	  body	  of	  work–	  has	   three	  digits	   in	   the	   forelimb	  and	   four	  digits	   in	   the	  hindlimb,	  which	  are	  numbered	  1-­‐3	  and	  1-­‐4	  respectively	  from	  anterior	  to	  posterior	  (Fig.	  1)	  (Tamura	  et	  al.,	  2011;	  Towers	  et	  al.,	  2011).	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Figure	   1|	   Overview	   of	   limb	   skeletal	   structures	   and	   the	   role	   of	   Shh	   in	   establishing	  
anteroposterior	   polarity.	   The	   three	   axes	   of	   the	   limb:	   proximodistal	   (PD),	   dorsoventral	  (DV)	  and	  anteroposterior	  (AP).	  (A)	  Schematic	  diagram	  of	  graded	  Shh	  signalling	  across	  the	  AP	   axis	   of	   early	   and	   late	   forelimb	   buds.	   Cells	   comprising	   the	   Zone	   of	   Polarising	   Activity	  (ZPA)	  where	  the	  Sonic	  Hedgehog	  (Shh)	  morphogen	  is	  produced	  is	  shown	  in	  red.	  Different	  levels	  of	  Shh	  signalling	  experienced	  by	  cells	  are	  designated	  by	  colour,	  red	  (highest)	  to	  pink	  (lowest).	   Non-­‐coloured	   sections	   represent	   areas	   not	   influenced	   by	   Shh	   signalling.	  Embryological	   positions	   (1-­‐5)	   within	   the	   limb	   bud	   designate	   cells	   that	   will	   ultimately	  comprise	   digits	   of	   corresponding	   number	   in	   mature	   limbs	   (B-­‐D).	   (B,	   D)	   Comparative	  schematic	   diagrams	   of	   the	   skeletal	   elements	   of	   the	   chicken	   forelimb	   and	   hindlimb.	   The	  bones	  of	   the	   forelimb	  (C):	  humerus	  (H),	  radius	  (R),	  ulna	  (U),	  carpals	  (C),	  metacarpals	  (M)	  and	   phalanges	   (P),	   and	   of	   the	   hindlimb	   (E):	   femur	   (F),	   tibia	   (T),	   fibular	   (F),	   tarsals	   (T),	  metatarsals	  (M)	  and	  phalanges	  (P)	  are	  labelled.	  The	  level	  of	  Shh	  signalling	  experienced	  by	  cells	  of	   the	   limb	  bud	   that	  comprise	  each	  digit	   is	   reflected	  by	  colour,	   red	  (highest)	   to	  non-­‐coloured	  (no	  Shh	  signalling)	  corresponding	  to	  embryological	  positions	  in	  A.	  (C)	  Schematic	  diagram	  of	  a	  human	  forelimb	  showing	  the	  embryological	  origin	  of	  the	  digits	  as	  above.	  The	  digits	   of	   all	   limbs	   are	   numbered	   from	   1,	   beginning	   with	   the	   anterior	   most.	   The	   three	  sections	  of	  the	  limb	  skeleton	  are	  shown,	  stylopod	  (S),	  zeugopod	  (Z)	  and	  autopod	  (A)	  (B-­‐D).	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Embryological	  origin	  of	  vertebrate	  limbs	  
The	  mature	  limb	  is	  a	  complex	  3-­‐dimensional	  structure	  comprised	  of	  multiple	  tissue	  types	   including:	   bone,	   connective	   tissue,	   tendons	   and	   ligaments,	   skeletal	  muscle,	  neuronal	   (axon	   extensions),	   vasculature,	   dermis	   and	   epidermis.	   These	   tissues	  predominantly	  originate	   from	  two	  distinct	  sources,	   the	   limb	  bud	  and	  the	  somites.	  	  Limb	   buds	   are	   initially	   comprised	   of	   mesodermal	   cells	   -­‐	   originating	   from	   the	  Lateral	  Plate	  Mesoderm	  (LPM)	  -­‐	  and	  over-­‐lying	  ectodermal	  cells.	  Mesenchyme	  cells	  of	   the	   limb	   bud	   give	   rise	   to	   the	   skeletal	   structures,	   connective	   tissue	   fibroblasts,	  tendons,	  ligaments	  and	  dermis	  of	  the	  developed	  limb,	  whilst	  the	  surface	  ectoderm	  gives	   rise	   to	   the	  epidermis	  but	   also	   acts	   as	   an	   important	   signalling	   centre	  during	  development	  (Fernandez-­‐Teran	  and	  Ros,	  2008;	  Riddle	  et	  al.,	  1995).	  Skeletal	  muscle	  and	   some	   vasculature	   of	   the	   limb	   differentiate	   from	   mesodermal	   cells	   of	   the	  somites	   that	   migrate	   into	   the	   limb	   bud.	   In	   the	   chicken	   this	   occurs	   around	  Hamburger	   and	   Hamilton	   stage	   20	   of	   normal	   chicken	   development	   (Christ	   and	  Ordahl,	   1995;	   Hamburger	   and	  Hamilton,	   1951).	  Meanwhile,	  motor	   neuron	   axons	  innervate	   the	   limb	   bud	   at	   stage	   HH23-­‐24	   in	   the	   chicken	   (Lance-­‐Jones	   and	  Landmesser,	  1981).	  
Limb	  buds	  arise	  at	   fixed	  positions	  along	   the	   rostro-­‐caudal	  axis	  of	   the	  body	  of	   the	  developing	  embryo	  (Duboc	  and	  Logan,	  2011).	  In	  the	  chicken	  embryo,	  the	  forelimb	  bud	  first	  protrudes	  as	  a	  thickened	  ridge	  of	  the	  LPM	  at	  a	  level	  between	  somites	  16-­‐20,	  stage	  HH16	  (Hamburger	  and	  Hamilton,	  1951;	  Logan,	  2003).	  The	  budding	  of	  the	  hindlimb	  bud	  is	  delayed	  relative	  to	  the	  forelimb	  bud,	  first	  emerging	  at	  the	  level	  of,	  and	  caudal	  to,	  somite	  27,	  at	  stage	  HH17,	  approximately	  3	  hours	  later	  (Hamburger	  and	   Hamilton,	   1951;	   Logan,	   2003).	   In	   mammals,	   this	   heterochrony	   is	   more	  pronounced,	   with	   the	   mouse	   hindlimb	   bud	   emerging	   12	   hours	   later	   than	   the	  forelimb	  bud	  (Duboc	  and	  Logan,	  2011).	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Limb	  bud	  initiation	  
Limb	   bud	   initiation	   is	   dependent	   on	   establishing	   Fibroblast	   Growth	   Factor	   10	  (Fgf10)	  expression	  in	  the	  forelimb	  and	  hindlimb	  forming	  regions	  of	  the	  LPM.	  Fgf10	  is	  both	  required	  and	  sufficient	  to	  initiate	  forelimb	  and	  hindlimb	  outgrowth.	  Fgf10-­‐/-­‐	  mice	   fail	   to	   form	   forelimb	   or	   hindlimb	   buds	   and	   show	   a	   complete	   absence	   of	   all	  limb	  skeletal	  elements	  except	  a	  rudimentary	  scapular	  and	  pelvis	   (Min et al., 1998; 
Sekine et al., 1999).	  Implantation	  of	  FGF	  soaked	  beads	  into	  the	  inter-­‐limb	  region	  of	  the	  flank	  of	  pre-­‐limb	  bud	  and	  early	  limb	  bud	  staged	  chicken	  embryos	  is	  sufficient	  to	  initiate	   growth	   of	   an	   ectopic	   limb	   (Cohn	   et	   al.,	   1995).	   Fgf10,	   secreted	   from	  mesenchymal	   cells	   of	   the	   LPM,	   signals	   to	   cells	   of	   the	   overlying	   ectoderm	   in	   the	  apical	  ectodermal	  ridge	  (AER)	  and	  induces	  Fgf8	  expression	  in	  the	  AER.	  In	  turn	  Fgf8,	  secreted	   back	   into	   the	  mesenchyme,	   positively	   regulates	  Fgf10	   expression	   in	   the	  LPM	   creating	   a	   positive	   feedback	   loop	   that	   is	   critical	   in	   driving	   limb	   outgrowth	  (Ohuchi	  et	  al.,	  1997;	  Xu	  et	  al.,	  1998).	  
Fgf10	  activation	  is	  at	  least	  in	  part	  regulated	  by	  two	  paralogous	  T-­‐Box	  transcription	  factors,	   Tbx5,	   which	   is	   expressed	   exclusively	   in	   the	   forelimb-­‐forming	   region	   and	  Tbx4,	   which	   is	   expressed	   exclusively	   in	   the	   hindlimb-­‐forming	   region	   (Gibson-­‐Brown	  et	  al.	  1996;	  Isaac	  et	  al.	  1998;	  Lanctôt	  et	  al.	  1999;	  Logan	  et	  al.	  1998;	  Ohuchi	  et	  al.	  1998).	  Tbx5-­‐/-­‐	  mice	  fail	  to	  form	  a	  forelimb	  bud	  and	  exhibit	  a	  complete	  absence	  of	  
Fgf10	   expression	   (Agarwal	   et	   al.,	   2003;	  Rallis	   et	   al.,	   2003).	  Tbx4-­‐/-­‐	  mice	   however,	  are	  still	  able	  to	  form	  a	  hindlimb,	  though	  considerably	  reduced	  in	  size	  (Naiche	  and	  Papaioannou,	  2003).	  In	  these	  mutants	  Fgf10	  expression	  is	  reduced	  but	  not	  entirely	  lost.	  Recent	  studies	  have	  demonstrated	  a	  paired-­‐type	  homeodomain	  transcription	  factor,	  Pitx1,	  and	  a	  Lim-­‐homeodomain	   transcription	   factor,	   Isl1,	  are	  also	  required	  for	   hindlimb	   outgrowth	   regulating	   both	   Tbx4	  and	   Fgf10	  directly	   (Logan	   &	   Tabin	  1999;	  Kawakami	  et	  al.	  2011;	  Duboc,	  Sulaiman	  and	  Logan	  Unpublished).	  Recently,	  it	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has	   been	   demonstrated	   that	   Tbx5	   expression	   in	   the	   forelimb-­‐forming	   region	   is	  controlled	  by	  a	  combinatorial	  Hox	  code	  (Nishimoto	  et	  al.,	  2014),	  but	  it	  is	  presently	  unclear	   what	   factors	   regulate	   Tbx4,	   Pitx1	   and	   Isl1	   expression	   in	   the	   hindlimb-­‐forming	  region.	  	  
Finally,	  Retinoic	  Acid	  (RA)	  signalling	  from	  the	  flank	  has	  also	  been	  implicated	  in	  the	  initiation	  of	  both	  forelimbs	  and	  hindlimbs	  (Ang	  et	  al.,	  1996;	  Begemann	  et	  al.,	  2001;	  Grandel	   et	   al.,	   2002;	   Morriss-­‐Kay	   and	   Sokolova,	   1996;	   Murillo-­‐Ferrol,	   1965;	  Niederreither	   et	   al.,	   2002;	   Nishimoto	   et	   al.,	   2015;	   Stephens	   and	   McNulty,	   1981;	  Sweeney	   and	   Watterson,	   1969).	   Blocking	   RA	   signalling	   by	   placing	   a	   foil	   barrier	  between	   the	   somites	   and	   the	   LPM	   prevents	   forelimb	   and	   hindlimb	   initiation	  (Murillo-­‐Ferrol,	   1965;	   Stephens	   and	   McNulty,	   1981;	   Sweeney	   and	   Watterson,	  1969).	   This	   can	   be	   rescued	   by	   ectopic	   application	   of	   RA	   in	   the	   LPM,	   resulting	   in	  normal	  limbs	  (Nishimoto	  et	  al.,	  2015).	  
Organising	  centres	  within	  the	  limb	  	  
Once	  limb	  outgrowth	  has	  been	  initiated	  the	  growth	  and	  patterning	  of	  nascent	  limb	  buds	   is	   co-­‐ordinated	   by	   three	   signalling	   centres:	   the	   Apical	   Ectodermal	   Ridge	  (AER),	   the	   dorsal/ventral	   ectoderm	   and	   the	   Zone	   of	   Polarising	   Activity	   (ZPA),	  contributing	  to	  the	  patterning	  of	  the	  PD,	  DV	  and	  AP	  axes	  respectively.	  	  	  
The	  AER	  is	  critical	  for	  maintaining	  limb	  outgrowth	  and,	  at	  least	  in	  part,	  responsible	  for	   patterning	   the	   PD	   axis	   by	   signalling	   to	   the	   underlying	   mesenchyme	   through	  Fgf4,	  Fgf8,	  Fgf9,	  Fgf17	  and	  Wnts.	  Removal	  of	   the	  AER	  at	   successively	  earlier	   time	  points	   results	   in	   increasingly	   severe	   truncation	   of	   limbs	   which	   lack	   distal	   (and	  increasingly	   proximal)	   structures	   (Rowe	   and	   Fallon,	   1982;	   Saunders,	   1948;	  Summerbell,	   1974).	   This	   led	   to	   the	   suggestion	   that	   the	   PD	   axis	   of	   the	   limb	   is	  specified	   in	   a	   proximodistal	   sequence	   by	   the	   AER	   as	   outgrowth	   occurs,	   and	   is	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referred	   to	   as	   the	   progress	   zone	   model	   (Fernandez-­‐Teran	   and	   Ros,	   2008;	  Summerbell,	  1974).	  A	  2-­‐signal	  model	  has	  also	  been	  proposed	  after	  demonstration	  that	   graded	   RA	   signalling	   from	   the	   flank	   is	   required	   for	   specifying	   the	   proximal	  limb	   (Cooper	   et	   al.,	   2011;	   Mercader	   et	   al.,	   2000;	   Rosello-­‐Diez	   et	   al.,	   2011).	   Two	  recent	  papers	  have	  shown	  that	  cells	  exposed	  to	  both	  RA	  and	  Fgfs/Wnts	  remain	  in	  an	   undifferentiated	   state	   (Cooper	   et	   al.,	   2011;	   Rosello-­‐Diez	   et	   al.,	   2011).	   As	   limb	  outgrowth	   occurs	   RA	   specifies	   the	   proximal	   limb	   but	   more	   distal	   cells	   become	  sufficiently	  distant	  from	  proximalising	  signals,	  allowing	  distalising	  signals	  from	  the	  AER	   to	   specify	   the	   intermediate	   and	   distal	   limb	   in	   a	   time	   dependent	   manner	  (Cooper	  et	  al.,	  2011;	  Rosello-­‐Diez	  et	  al.,	  2011).	  
The	   dorsal	   limb	   is	   specified	   by	   the	   dorsal	   ectoderm,	  which	   signals	   to	   underlying	  mesoderm	   by	   secreting	   Wnt7a	   to	   induce	   expression	   of	   the	   LIM	   homeodomain	  transcription	   factor,	  Lmx1	  (Riddle	  et	  al,	  1995).	   Ectopic	   expression	   of	  Lmx1	   in	   the	  ventral	   limb	  bud	  is	  sufficient	  to	  generate	  double-­‐dorsal	   limbs	  (Riddle	  et	  al,	  1995).	  
Engrailed-­‐1,	  expressed	  in	  the	  ventral	  ectoderm	  represses	  the	  expression	  of	  Wnt7a	  to	  prevent	  dorsalisation	  of	  the	  ventral	  limb	  (Chen	  and	  Johnson,	  2002).	  	  
The	  antero-­‐posterior	  axis	  of	  the	   limb	  is	  patterned	  by	  the	  polarising	  activity	  of	  the	  ZPA,	  which	   is	  mediated	  by	  the	  Sonic	  Hedgehog	  (Shh)	  morphogen	  –	  this	  activity	   is	  the	  major	  focus	  of	  this	  work.	  Shh	  is	  critical	  for	  establishing	  the	  number	  and	  identity	  of	  digits	  in	  the	  limb	  (Riddle	  et	  al.,	  1993).	  A	  thorough	  introduction	  of	  the	  role	  of	  Shh	  in	  patterning	  the	  AP	  axis	  of	  the	  limb	  is	  discussed	  (Introduction,	  1.3).	  	  
Importantly,	   limb	   development	   is	   integrated	   by	   interactions	   between	   these	  signalling	   centres.	  A	  positive	   feedback	   loop	   exists	   between	   the	  AER	  and	   the	  ZPA.	  Shh	   signalling	   is	   required	   to	  maintain	   expression	  of	   FGFs	   in	   the	  AER,	  whilst	  Fgf4	  signals	   from	   the	   AER	   to	   ZPA	   cells	   to	   maintain	   Shh	   expression	   (Niswander	   et	   al.	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1994).	   This	   feedback	   loop	   is	   also	   thought	   to	   include	   bone	   morphogenic	   protein	  (BMP)	   signalling.	   Bmp2,	   Bmp4,	   Bmp7	   and	   BMP	   antagonist	   Gremlin1	   (Grem1)	   are	  thought	   to	   be	   positively	   regulated	   by	   Shh.	   BMP	   signalling	   is	   required	   for	   AER	  maintenance	  and	   limb	  outgrowth,	  but	  at	   too	  high	  a	   level	   causes	  regression	  of	   the	  AER	  (Pizette	  and	  Niswander,	  1999).	  Grem1,	  also	  regulated	  by	  Bmp2/4,	   is	   thought	  to	  limit	  Bmp4	  signalling	  within	  the	  limb	  bud	  to	  an	  intermediate	  level	  that	  supports	  the	   AER	   and	   therefore	   indirectly	   the	   ZPA	   also	   (Bénazet	   et	   al.,	   2009;	   Zeller	   et	   al.,	  2009).	  Meanwhile,	  Wnt7a	  expression	   is	   also	   required	   for	   normal	   Shh	   expression	  and	  AP	  development.	  Mice	  lacking	  functional	  Wnt7a	  also	  lack	  posterior	  digits	  (Parr	  and	  McMahon,	  1995).	  	  	  
1.2 	  The	  Sonic	  Hedgehog	  (Shh)	  signalling	  pathway	  
The	  Shh	  morphogen	  	  
Morphogens	  are	  defined	  as	  diffusible	  molecules	  that	  provide	  positional	  information	  to	  control	  the	  spatial	  arrangement	  of	  cellular	  differentiation	  (Gurdon	  and	  Bourillot,	  2001;	  Wolpert,	  1996).	  Morphogens	  were	  first	  described	  in	  concept	  by	  Turing,	  who	  proposed	   such	   molecules	   might	   act	   through	   a	   Turing	   Mechanism	   to	   provide	  positional	   information	   to	  cells	   (Turing,	  1952).	   In	  contrast,	  Wolpert	  proposed	   that	  morphogens	   could	   act	   via	   a	   simple	   concentration	   gradient,	   whereby	   positional	  information	  is	  imparted	  by	  the	  concentration	  of	  morphogen	  that	  a	  cell	  is	  exposed	  to	  (Wolpert,	  1969).	  	  	  
The	   Hedgehog	   (Hh)	   gene	   was	   first	   identified	   by	   genetic	   screens	   in	   Drosophila	  
Melanogaster	   (Nüsslein-­‐Volhard	   and	  Wieschaus,	   1980).	   Sonic	   Hedgehog	   (Shh)	   is	  one	   of	   three	   mammalian	   orthologues	   of	   Hh,	   the	   others	   being	   Desert	   Hedgehog	  (Dhh)	   and	   Indian	   Hedgehog	   (Ihh)	   (Bitgood	   et	   al.,	   1996;	   Riddle	   et	   al.,	   1993;	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Vortkamp	   et	   al.,	   1996).	   Ihh	   regulates	   the	   rate	   of	   chondrocyte	   differentiation	   in	  cartilage	  and	  bone	  development	  (Vortkamp	  et	  al.,	  1996),	  whilst	  Dhh	  is	  essential	  for	  germ	   cell	   development	   in	   the	   testis	   and	   peripheral	   nerve	   sheath	   formation	  (Bitgood	   et	   al.,	   1996).	   Shh	   is	   the	   broadest	   acting	   of	   the	   vertebrate	  Hh	   genes	   and	  mediates	  the	  polarising	  activity	  of	  the	  ZPA	  of	  the	  limb	  and	  patterns	  the	  DV	  axis	  of	  the	  developing	  neural	  tube	  (Briscoe	  and	  Thérond,	  2013).	  	  It	  is	  further	  implicated	  in	  the	  growth	  and	  development	  of	  a	  number	  of	  other	  tissues	  and	  structures	  including:	  the	  kidneys,	   the	   fore-­‐,	  mid-­‐	   and	  hind-­‐brain;	   the	  optic	  disc,	   stalk	   and	   retina	  of	   the	  eyes;	   the	   teeth	  and	  cranio-­‐facial	  development	  (Dakubo	  et	  al.,	  2003;	  Dassule	  et	  al.,	  2000;	  Ho	  and	  Scott,	  2002;	  Hu	  and	  Helms,	  1999;	  Yu	  et	  al.,	  2002).	  
Shh	  synthesis	  and	  dispersion	  
Shh	   protein	   is	   synthesised	   as	   a	   45kDa	   precursor,	   which	   is	   autoproteolyically	  cleaved,	  most	  probably	  within	  the	  endoplasmic	  reticulum	  (ER)	  (Chen	  et	  al.,	  2011a).	  This	  separates	  the	  amino-­‐	  and	  carboxyl-­‐terminals	  of	  the	  protein	  and	  further	  results	  in	   the	   covalent	   attachment	   of	   cholesterol	   to	   the	   N-­‐terminal	   peptide	   at	   its	   new	  carboxyl-­‐terminus	   (Mann	   and	   Beachy,	   2004).	   The	   N-­‐terminal	   peptide,	   which	  mediates	   all	   signalling	   activity,	   undergoes	   further	   post-­‐translational	  modification	  by	   the	  attachment	  of	  an	  amide	   linked	  palmitic	  acid	  group	   to	   the	  most	  N-­‐terminal	  Cys	  residue,	  by	  the	  acyltransferase,	  Skinny	  Hedgehog	  (Ski),	   to	  produce	  mature	  bi-­‐lipidated	  Shh	  (Mann	  and	  Beachy,	  2004).	  The	  C-­‐terminal	  is	  rapidly	  degraded	  by	  the	  proteasome,	  but	  is	  required	  to	  recruit	  cholesterol	  to	  catalyse	  cleavage	  (Chen	  et	  al.,	  2011a;	  Mann	  and	  Beachy,	  2004;	  Perler,	  1998).	  
Bi-­‐lipidated	   Shh	   is	   retained	   at	   the	   plasma	   membrane	   primarily	   through	   its	  cholesterol	   modification,	   though	   palmitic	   acid	   also	   promotes	   membrane	  association	  (Chen	  et	  al.,	  2004a;	  Rietveld	  et	  al.,	  1999).	  As	  a	  monomer,	  Shh	  is	  released	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via	   the	   co-­‐operative	   action	   of	   Dispatched	   (Disp1),	   a	   multipass	   transmembrane	  protein,	  and	  a	  vertebrate	  specific,	  secreted	  glycoprotein,	  Scube2	  (Burke	  et	  al.,	  1999;	  Creanga	   et	   al.,	   2012;	   Johnson	   et	   al.,	   2012;	   Ma	   et	   al.,	   2002;	   Tian	   et	   al.,	   2005;	  Tukachinsky	   et	   al.,	   2012).	   Loss	   of	   Disp1	   results	   in	   the	   retention	   of	   cholesterol	  modified	  Hh	  at	  the	  plasma	  membrane	  (Burke	  et	  al.,	  1999),	  whilst	  loss	  of	  Scube2	  in	  conjunction	  with	  the	  loss	  of	  redundant	  family	  members	  Scube1	  and	  Scube3,	  results	  in	  a	   complete	   loss	  of	  Hh	  signalling	   (Johnson	  et	   al.,	   2012).	  Both	  Disp1	  and	  Scube2	  bind	  the	  cholesterol	  moiety	  at	  different	  parts	  of	  the	  molecule	  but	  only	  Scube2	  stays	  bound	  as	  Shh	  is	  secreted.	  It	  is	  possible	  Disp1	  transfers	  cholesterol-­‐modified	  Shh	  to	  Scube2	  at	   the	  plasma	  membrane	   in	  order	   to	  shield	   the	  cholesterol	  molecule	   from	  the	   aqueous	   extracellular	   environment,	   which	   thus	   permits	   the	   diffusion	   of	   Shh	  ligand	  (Briscoe	  and	  Thérond,	  2013).	  	  
	  Shh	   can	  also	  be	   released	   in	   a	  diffusible	  multmeric	   form.	  Both	   lipid	  modifications	  and	   a	   highly	   conserved	   N-­‐terminal	   region	   of	   Shh	   are	   required	   to	   form	   such	  multimers	  (Goetz	  et	  al.,	  2006).	  Multiple	  Hh	  molecules	  can	  be	  recruited	  into	  soluble	  lipoproteins	   and	   released	   at	   the	  membrane	   in	  D.	  melanogaster,	   although	   this	   has	  not	  been	  observed	  in	  vertebrates	  (Eugster	  et	  al.,	  2007;	  Panáková	  et	  al.,	  2005).	  It	  has	  been	   suggested	   that	  multiple	   Shh	  molecules	  may	   also	   be	   carried	   and	   diffused	   by	  exovesicles	   (Thérond,	   2012).	   Most	   recently,	   it	   has	   been	   suggested	   filipodia-­‐like	  cellular	   extensions,	   designated	   cytonemes,	   transport	   Shh	   to	   responding	   cells	  (Bischoff	   et	   al.,	   2013;	   Kornberg	   and	   Roy,	   2014;	   Sanders	   et	   al.,	   2013).	   Punctae	   of	  Hh/Shh	  have	  been	  observed	  within	  or	   outside	   cytonemes	   in	  D.	  melanogaster	  and	  chicken	   limb	   bud	   cells,	   and	   graded	   target	   gene	   expression	   has	   been	   shown	   to	  correlate	   with	   both	   the	   maximum	   extension	   and	   the	   density	   of	   cytonemes	   in	  D.	  
melanogaster	  (Bischoff	  et	  al.,	  2013;	  Sanders	  et	  al.,	  2013).	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Shh	  signalling	  is	  mediated	  through	  Gli	  transcription	  factors	   
On	  reaching	  target	  cells,	  Shh	  binds	  to	  the	  multipass	  transmembrane	  receptor	  Ptch1,	  at	  the	  primary	  cilium,	  to	  initiate	  signal	  transduction	  (Rohatgi	  et	  al.,	  2007)	  (Fig.	  2).	  The	  primary	  cilium	  itself	   is	  required	  for	  constitutive	  inactivation	  of	  Shh	  signalling	  and	  signal	  transduction	  in	  vertebrates	  (Goetz	  and	  Anderson,	  2010).	  Binding	  of	  Shh	  to	   Ptch1	   is	   facilitated	   by	   vertebrate	   co-­‐receptors	   CAM-­‐related/downregulated	   by	  oncogenes	   (Cdon),	   Brother	   of	   Cdon	   (Boc)	   and	   Growth	   Arrest	   Specific	   1	   (Gas1)	  (Allen	  et	  al.,	  2007;	  Allen	  et	  al.,	  2011;	  Tenzen	  et	  al.,	  2006).	  Cdon	  and	  Boc	  are	  single	  pass	   membrane	   proteins	   featuring	   Immunoglobulin	   and	   Fibronectin	   type	   one	  repeats	  whilst	  Gas1	  is	  a	  GPI-­‐linked	  protein	  (Allen	  et	  al.,	  2011;	  Izzi	  et	  al.,	  2011).	  All	  three	   bind	   Ptch1,	   to	   form	  multimolecular	   receptor	   complexes	   –	   though,	   it	  would	  appear	   in	   a	   separate	   and	   redundant	   fashion	   (Izzi	   et	   al.,	   2011).	   Only	   compound	  Cdon-­‐/-­‐/Boc-­‐/-­‐/Gas1-­‐/-­‐mutant	   mice	   demonstrate	   a	   complete	   lack	   of	   Shh	   signalling	  activity	  (Allen	  et	  al.,	  2011).	  	  
Ptch1	  is	  a	  negative	  regulator	  of	  Shh	  signalling	  and	  active	  signalling	  is	  transduced	  by	  the	   activation	   of	   a	   transmembrane	   protein	   of	   the	   G-­‐protein	   coupled	   receptor	  (GPCR)	   family,	   Smoothened	   (Smo)	   (van	   den	   Heuvel	   and	   Ingham,	   1996a).	   In	   the	  absence	  of	  Shh,	  Ptch1	  represses	  Smo	  through	  a	  mechanism	  that	  is	  unclear,	  although	  it	  appears	  to	  be	  non-­‐stoichiometric	  (Ingham	  et	  al.,	  2000;	  Taipale	  et	  al.,	  2002).	  Ptch1	  is	  structurally	  similar	  to	  resistance	  nodulation	  division	  (RND)	  transporter	  proteins	  and	   mutations	   in	   the	   RND	   domain	   of	   Ptch1	   abolishes	   its	   ability	   to	   repress	  smoothened.	  This	  has	   led	   to	   the	   suggestion	   that	  Ptch1	  may	   regulate	   Smo	  activity	  through	  the	  influx/efflux	  of	  a	   ligand	  (Taipale	  et	  al.,	  2002).	  Synthetic	  and	  naturally	  occurring	   small	   molecule	   agonists	   and	   antagonists	   of	   Smo	   have	   been	   identified,	  which	  bind	   to	  a	  membrane	   integrated	  domain	  within	   the	  protein	   (Mas	  and	  Ruiz	   i	  Altaba,	  2010).	  Oxysterols	  including	  purmophamine	  and	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Figure	  2	  |	  Schematic	  of	  the	  Shh	  signalling	  pathway	  and	  structure	  of	  Gli	  proteins.	  (A)	  In	  the	   absence	   of	   Sonic	   hedgehog	   (Shh),	   Patched1	   (Ptc/Ptch1)	   localises	   to	   the	   primary	   cilia	  and	  inhibits	  Smoothened	  (Smo).	  Suppressor	  of	  fused	  (Sufu)	  forms	  complexes	  with	  Gli2	  and	  Gli3	   in	   the	   cytoplasm.	  Sufu-­‐Gli	   complexes	   shuttle	   through	   the	  primary	  cilium	  via	  Kinesin-­‐like	  protein	  (Kif7)	  interactions.	  Gli2/3	  proteins	  are	  sequentially	  phosphorylated	  by	  Protein	  kinase	  A	  (PKA),	  Glycogen	  synthase	  kinase	  3	  beta	  (Gsk3β)	  and	  Casein	  kinase	  I	   	  (Cki)	  which	  promotes	   their	  partial	  degradation	  by	  proteasomes	  at	   the	  base	  of	   the	  primary	  cilium	   into	  repressor	  forms	  Gli2R	  and	  Gli3R	  which	  then	  translocate	  to	  the	  nucleus	  to	  repress	  targets	  of	  Shh	   signalling.	   (B)	   Shh	   binds	   to	   Ptch1	   and	   Ptch1	   is	   internalised	   and	   degraded	   releasing	  Ptch1-­‐mediated	  inhibition	  of	  Smo.	  Active	  Smo	  localises	  to	  the	  primary	  cilium	  and	  facilitates	  differential	  processing	  of	  Gli	  proteins.	  Sufu-­‐Gli	  complexes	  concentrate	  in	  the	  primary	  cilium	  tip	  and	  Gli2/3	  dissociate	  from	  Sufu	  and	  exit	  the	  primary	  cilium	  in	  full-­‐length	  activator	  forms	  (GliA),	   bypassing	   proteasome	   partial	   degradation.	   Gli2/3A	   translocate	   to	   the	   nucleus	   to	  activate	  transcription	  of	  Shh	  targets.	  (C)	  Schematic	  of	  Gli2/3	  structure.	  All	  Gli	  proteins	  (1-­‐3)	  have	   a	   common	   zinc-­‐finger	   DNA	   binding	   domain	   and	   a	   carboxyl	   end	   transcriptional	  activator	   domain.	   Gli2	   and	  Gli3	   have	   an	   additional	   amino	   end	   repressor	   domain	   that	   has	  been	  lost	  in	  Gli1.	  A	  Sufu	  binding	  site	  and	  phosphorylation	  sites	  are	  also	  conserved	  and	  are	  essential	  for	  processing	  full	  length	  Gli2/3	  into	  repressor	  forms.	  Image	  adapted	  from	  Briscoe	  and	   Therond	   (Briscoe	   and	   Therond,	   2013),	   permission	   obtained	   from	   Nature	   Publishing	  Group,	  License	  Number:	  3693000798005.	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smoothened	  agonist	  (SAG),	  bind	  directly	  to	  Smo	  and	  promote	  Shh	  signalling,	  whilst	  cyclopamine	   inhibits	  Shh	  signalling	  by	  binding	  directly	   to	  Smo	   (Chen	  et	  al.,	  2002;	  Corcoran	  and	  Scott,	  2006;	  Dwyer	  et	  al.,	  2007;	  Nachtergaele	  et	  al.,	  2012).	  Ptch1	  may	  regulate	  Smo	  by	  transporting	  such	  activating	  or	  inhibitory	  molecules,	  however	  this	  is	  yet	  to	  be	  demonstrated	  (Briscoe	  and	  Thérond,	  2013).	  
Binding	   of	   Shh	   to	   Ptch1	   causes	   it	   to	   become	   internalised	   and	   degraded,	   thus	  releasing	  Ptch1	  mediated	  suppression	  of	  Smo.	  In	  the	  absence	  of	  Shh,	  Smo	  exists	  as	  a	  homodimer,	   in	  a	  closed	  conformation,	   localised	  to	  the	  cytoplasm	  in	  intracellular	  vesicles	   (Fig.	   2A,	   B)	   (Wang	   et	   al.,	   2009).	   During	   active	   Shh	   signalling	   Smo	   is	  phosphorylated	  by	  Casein	  Kinase	  I	  Alpha	  (CKIα)	  and	  Gprc	  Kinase	  2	  (Gprk2)	  causing	  a	  conformational	  change	  to	  an	  open	  state	  (Chen	  et	  al.,	  2011b).	  This	  conformational	  change	   is	   required	   for	   Smo	   relocation	   and	   accumulation	   at	   the	   proximal	   plasma	  membrane	  of	  primary	  cilia	  and	  for	  signal	  transduction	  to	  occur	  (Chen	  et	  al.,	  2011b).	  Smo	  relocation	  is	  facilitated	  by	  β-­‐arrestin	  and	  Kinesin	  like	  protein	  (Kif3a)	  (Chen	  et	  al.,	  2004b;	  Kovacs	  et	  al.,	  2008)	  (Fig.	  2B).	  	  
Shh	   signalling	   is	   ultimately	   mediated	   through	   three	   transcriptional	   effectors	   in	  vertebrates,	  designated	  Glioma-­‐associated	  Oncogene	  1-­‐3	  (Gli1-­‐3)	  (Bai	  et	  al.,	  2004;	  Hui	  and	  Angers,	  2011;	  Kinzler	  and	  Vogelstein,	  1990).	  Gli	  proteins	  are	  bi-­‐functional	  and	  can	  act	   as	   activators	  or	   repressors	  of	   transcription,	  depending	  on	   their	  post-­‐translational	   processing.	   All	   three	   Gli	   proteins	   have	   a	   similar	   zinc-­‐finger	   DNA-­‐binding	  domain	  and	  a	  C-­‐terminal	  activator	  domain.	  Gli2	  and	  Gli3	  have	  an	  additional	  	  
N-­‐terminal	   repressor	   domain,	  which	   has	   been	   lost	   in	  Gli1	   (Fig.	   2C)	   (Sasaki	   et	   al.,	  1999).	   Shh	   signalling	  alters	   the	  balance	  of	   intracellular	   levels	  of	  Gli	   activator	  and	  repressor	   forms	  by	  regulating	  their	  post-­‐translational	  proteolytic	  processing	  (Pan	  and	  Wang,	  2007).	  Gli2	  acts	  as	  the	  principle	  activator	  of	  Shh	  signalling	  and	  Gli3	  the	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principle	  repressor.	  However,	  it	  is	  unclear	  whether	  this	  is	  due	  to	  differences	  in	  the	  strength	   of	   respective	   activator/repressor	   activities	   or	   whether	   Gli3	   is	   more	  efficiently	   processed	   into	   a	   repressor	   form	   (Pan	   and	   Wang,	   2007).	   	   Gli1	   is	  dispensable	   for	   embryonic	   development,	   and	   appears	   to	   only	   serve	   as	   positive	  feedback	  to	  amplify	  Gli	  activator	  activity	  (Bai	  et	  al.,	  2002;	  Park	  et	  al.,	  2000).	  	  
In	  the	  absence	  of	  Shh,	  Gli2	  and	  Gli3	  are	  bound	  to	  cytoplasmic	  protein,	  Suppressor	  of	  Fused	  (Sufu),	  which	  acts	  as	  a	  negative	  regulator	  of	  Shh	  signalling	  (Dunaeva	  et	  al.,	  2003;	   Jia	  et	  al.,	  2009).	  Loss	  of	  Sufu	  reportedly	  results	   in	  constitutive	  activation	  of	  the	   Shh	   pathway,	   though	   a	   recent	   report	   has	   demonstrated	   that	   Sufu	   can	   also	  promote	  Shh	  signalling	  (Jia	  et	  al.,	  2009;	  Oh	  et	  al.,	  2015;	  Svärd	  et	  al.,	  2006).	  Although	  initially	  localised	  to	  the	  cytoplasm,	  Sufu-­‐Gli	  complexes	  seem	  to	  transit	  through	  the	  primary	  cilium	  (Fig.	  2A)	  (Humke	  et	  al.,	  2010;	  Kim	  et	  al.,	  2009;	  Tukachinsky	  et	  al.,	  2010;	  Wen	  et	  al.,	  2010).	  This	  flux,	  is	  dependent	  on	  Kinesin	  Like	  Protein,	  Kif7,	  and	  is	  essential	  for	  proteolytic	  processing	  of	  Gli2/3	  into	  repressor	  forms	  (Kim	  et	  al.,	  2009;	  Liu	  et	  al.,	  2005).	  Kif7	  thus	  acts	  as	  a	  negative	  regulator	  of	   the	  Hh	  pathway.	  Loss	  of	  Kif7	  results	  in	  ectopic	  pathway	  activation	  (Cheung	  et	  al.,	  2009;	  Endoh-­‐Yamagami	  et	  al.,	   2009;	   Liem	   et	   al.,	   2009;	   Putoux	   et	   al.,	   2011).	   Gli2/3	   undergoes	   sequential	  phosphorylation	   at	   the	   basal	   body,	   by	   PKA,	   Glycogen	   Synthase	   Kinase	   3	   beta	  (Gsk3β)	   and	   Cki,	   at	   a	   conserved	   site	   (Fig.	   2A)	   (Barzi	   et	   al.,	   2010;	   Fumoto	   et	   al.,	  2006;	  Sillibourne	  et	  al.,	  2002;	  Tuson	  et	  al.,	  2011).	  This	  results	  in	  ubiquitination	  by	  an	   E3	   ubiquitin	   ligase	   complex	   containing	   β-­‐TRCP,	   which	   targets	   Gli2/3	   to	  proteasomes	   that	   are	   enriched	   at	   the	   base	   of	   the	   primary	   cilia,	   where	   the	   C-­‐terminal	   activator	   domain	   is	   removed	   by	   partial	   degradation	   (Fig.	   2A)	   (Jia	   et	   al.,	  2005).	  Due	  to	  the	  localisation	  of	  the	  PKA,	  Gsk3β,	  CKI	  and	  proteasomes	  at	  the	  basal	  body,	   it	   is	   thought	   that	   Gli	   proteins	   are	   processed	   as	   they	   exit	   the	   primary	   cilia	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(Briscoe	   and	   Therond,	   2013).	   The	   remaining	   Gli	   N-­‐terminal	   repressor	   domain	  (GliR)	  translocates	  to	  the	  nucleus	  to	  repress	  the	  transcription	  of	  Shh	  targets.	  	  
Active	  Shh	  signalling	  increases	  the	  concentration	  of	  Sufu,	  Gli2,	  Gli3	  and	  Kif7	  in	  the	  primary	  cilium,	  particularly	  at	  the	  tip	  (Fig.	  2B)	  (Chen	  et	  al.,	  2009;	  Kim	  et	  al.,	  2009;	  Maurya	   et	   al.,	   2013;	   Wen	   et	   al.,	   2010).	   Within	   the	   primary	   cilium,	   Sufu-­‐Gli	  complexes	  dissociate	  and	  full	  length,	  activated	  Gli2	  and	  Gli3	  exit	  the	  primary	  cilium,	  bypassing	   proteolytic	   processing	   machinery	   and	   translocate	   to	   the	   nucleus	   to	  activate	  transcription	  of	  Shh	  targets	  (Fig.	  2B)	  (Humke	  et	  al.,	  2010;	  Tukachinsky	  et	  al.,	  2010).	  Precisely	  how	  Sufu-­‐Gli	  complexes	  are	  shuttled	  into	  the	  primary	  cilia	  and	  what	  occurs	  within	  the	  primary	  cilia	  to	  promote	  the	  release	  of	  full	  length	  Glis	  is	  not	  understood.	  However,	  Kif7	  also	  appears	  to	  be	  implicated	  in	  this,	  and	  can	  thus	  also	  act	  as	  a	  positive	   regulator	  of	  Shh	  signalling	   (Maurya	  et	  al.,	   2013).	  Moreover,	  how	  this	  process	   is	   coupled	   to	   the	   activation	   and	   translocation	  of	   Smo	   to	   the	  primary	  cilia	  remains	  unclear	  (Briscoe	  and	  Thérond,	  2013).	  	  
1.3 	  Sonic	  Hedgehog	  morphogen	  activity	  in	  vertebrate	  limbs	  
Classic	   embryological	   studies	   led	   to	   the	   discovery	   of	   the	   Antero-­‐Posterior	   (AP)	  organising	  centre	  of	  the	  limb,	  the	  ZPA,	  located	  at	  the	  posterior	  margin	  of	  limb	  buds.	  Grafting	  mesenchyme	   cells	   from	   the	  posterior-­‐distal	  margin	  of	   a	  wing	  bud	   to	   the	  anterior	  margin	  of	  a	  host	  wing	  bud	  induced	  mirror	  image	  duplication	  of	  digits	  (Fig.	  2.1B)	   (Saunders	  and	  Gasseling,	  1968;	  Tickle	  et	  al.,	  1975).	  A	  duplicate	  ulna	  can	  be	  induced	   in	   the	   anterior	  wing	   if	   ZPA	   cells	   are	   grafted	   sufficiently	   early,	   but	   not	   a	  second	  humerus,	  demonstrating	  the	  ZPA	  only	  controls	  asymmetry	  of	  the	  limb	  distal	  to	   the	   elbow	   (Saunders	   and	   Gasseling,	   1968).	   Importantly,	   in	   these	   experiments	  ectopic	  wing	  elements	   in	  the	  host	   limb	  are	  formed	  from	  host	  cells,	  demonstrating	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ZPA	   cells	   act	   as	   an	   instructive	   signal	   and	   do	   not	   form	   additional	   structures	  themselves.	  	  
Grafting	  ZPA	  cells	  to	  successive	  positions	  along	  the	  AP	  axis	  of	  a	  host	  limb	  bud	  also	  results	   in	   digit	   patterns	   consistent	   with	   a	   model	   in	   which	   the	   ZPA	   produces	   a	  diffusible	   morphogen,	   as	   digits	   are	   posteriorised	   by	   anterior	   and	   posterior	   to	  grafted	  ZPAs	  (Tickle	  et	  al.,	  1975).	  
RA	  was	  the	  first	  defined	  chemical	  that	  was	  able	  to	  mimic	  the	  polarising	  activity	  of	  the	  ZPA.	  RA-­‐soaked	  beads	   implanted	   in	   the	  anterior	  margin	  of	  host	  wings	   induce	  digit	   duplications	   as	   observed	   in	   ZPA	   grafts	   (Tickle	   et	   al.,	   1982).	   However,	  subsequent	  experiments	  demonstrated	  the	  molecular	  basis	  of	  the	  ZPA’s	  polarising	  activity	   is	   in	   fact	   the	  Shh	  morphogen	  (Riddle	  et	  al.,	  1993).	  Shh	  is	  expressed	   in	   the	  ZPA	   and	   ectopic	   application	   of	   Shh,	   by	   grafting	   Shh	  expressing	   cells	   or	   applying	  Shh-­‐soaked	  beads	   to	   the	   anterior	  margin	   of	  wing	  buds	   is	   sufficient	   to	   induce	   full	  mirror	  image	  digit	  duplication	  (Riddle	  et	  al.,	  1993).	  Application	  of	  RA-­‐soaked	  beads	  in	  the	  anterior	  margin	  of	  wing	  buds	  was	  shown	  to	  induce	  ectopic	  expression	  of	  Shh	  demonstrating	   the	   polarising	   activity	   of	   RA	   acts	   upstream	   of	   Shh	   (Riddle	   et	   al.,	  1993).	  
Consistent	   with	   the	   positional	   information	   model	   of	   morphogen	   patterning	  (Wolpert,	   1969),	   Shh	  has	   been	  directly	   detected	   beyond	   the	   ZPA,	   throughout	   the	  posterior	  half	  of	  E10.5	  mouse	  hindlimb	  buds	  and	  indirectly	  via	  Ptch1	  expression	  -­‐	  a	  direct	  readout	  of	  Shh	  signalling	  -­‐	  at	  an	  equivalent	  levels	  in	  chicken	  and	  mouse	  limb	  buds	  (Marigo	  et	  al.,	  1996a;	  Pearse	  et	  al.,	  2001).	  It	  has	  been	  proposed	  that	  an	  antero-­‐posterior	  concentration	  gradient	  of	  Shh	  forms	  as	  Shh	  disperses	  across	  the	  limb	  bud	  which	   provides	   specific	   positional	   information	   to	   limb	   progenitors	   in	   a	  concentration	  dependent	  manner	  (Tickle,	  1995).	  However,	  direct	  or	  indirect	  	  
	   Chapter	  1:	  Introduction	  	  
	   29	  
	  
	  
Figure	   2.1	   |	   The	   polarising	   activity	   of	   the	   posterior	   margin	   of	   the	   limb	   bud	   is	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measurement	  of	  Shh	  concentrations	  at	  different	  AP	  positions	  across	  the	  limb	  bud	  is	  yet	  to	  demonstrate	  this	  conclusively.	  	  
Shh	  is	  critical	   in	  establishing	  anteroposterior	  (AP)	  patterning	  and	  digit	  number	  in	  vertebrate	  forelimbs	  and	  hindlimbs	  (Riddle	  et	  al.,	  1993).	  Shh-­‐/-­‐	  mutant	  mice	  display	  a	  lack	  of	  anteroposterior	  patterning	  in	  skeletal	  structures	  distal	  to	  the	  elbow/knee	  joint	   and	   fail	   to	   form	   skeletal	   elements	   in	   the	   autopod,	   with	   the	   exception	   of	   a	  single	  digit	  1	  in	  mutant	  hindlimbs	  and	  a	  malformed	  digit	  1	  in	  forelimbs	  (Chiang	  et	  al.,	   1996).	   An	   equivalent	   phenotype	   is	   observed	   in	   naturally	   occurring	  
Oligozeugodactyly	   (Ozd)	  chicken	  mutants,	  which	   do	   not	   express	  Shh	   in	   their	   limb	  buds	   (Ros	   et	   al.,	   2003).	  Meanwhile,	  Talpid3	  mutant	   chicken	   and	  mice,	  which	   lack	  primary	  cilia	  and	  consequently	  display	  constitutive	  Shh	  pathway	  activation,	  exhibit	  severe	  polydactyly	  -­‐	  a	  gain	  of	  digits	  (Bangs	  et	  al.,	  2011;	  Davey	  et	  al.,	  2006).	  	  
Shh	  acts	  to	  form	  a	  counter	  gradient	  of	  Gli3R	  in	  the	  limb	  bud	  	  
Shh	  signalling	   is	  mediated	  by	   three	  bifunctional	  Gli	   transcriptions	   factors	  (Gli1-­‐3)	  that	  are	  processed	  into	  repressor	  forms	  (Gli2-­‐3R)	  in	  the	  absence	  of	  Shh,	  but	  act	  as	  activators	   (Gli1-­‐3A)	  during	  active	  Shh	  signalling	   (Introduction,	  1.2).	  However,	  Shh	  mediates	   its	   patterning	   activity	   in	   the	   limb	   primarily	   through	   regulation	   of	   Gli3.	  This	  has	  been	  demonstrated	  by	  generation	  of	  Gli1-­‐3	  mutants.	  Gli1	  null	  mice	  exhibit	  normally	   formed	   limbs	   (Park	   et	   al.,	   2000),	   whilst	   mice	   lacking	   functional	   Gli2	  display	   slightly	   shortened,	   but	   normally	   patterned	   limbs	   (Mo	   et	   al.,	   1997).	  Compound	  Gli1-­‐/-­‐;	  Gli2-­‐/-­‐	  mice	  show	  a	  similar	  limb	  phenotype	  to	  Gli2-­‐/-­‐	  limbs,	  though	  a	  small	  post-­‐axial	   (additional	  posterior)	  nubbin	   is	  also	  observed	   in	   these	  mutants	  (Park	  et	  al.,	  2000).	  	  
In	  contrast,	  Extra	  toes	  mutants	  (Xt/Xt),	  which	  are	  Gli3	  null	  (hereafter	  Gli3-­‐/-­‐),	  exhibit	  normal	  stylopods	  and	  zeugopods	  but	  show	  severe	  polydactyly	  in	  the	  autopod	  (Hui	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and	   Joyner,	   1993).	  Gli3-­‐/-­‐	  mutants	   reportedly	   exhibit	   a	   complete	   loss	   of	   wildtype	  digit	   identities,	   suggesting	   that	   Shh	   has	   no	   effect	   on	   skeletal	   patterning	   in	   the	  absence	   of	  Gli3	   (Litingtung	   et	   al.,	   2002;	   te	  Welscher	   et	   al.,	   2002a).	  However,	   this	  interpretation	  has	  been	  challenged	  by	  the	  suggestion	  that	  posterior	  digits	  (3-­‐5)	  can	  be	   identified	   in	   these	   mutants	   (Bowers	   et	   al.,	   2012).	   Gli3-­‐/-­‐;	   Shh-­‐/-­‐	  mutants	   also	  exhibit	   polydactyly	   which	   more	   obviously	   lack	   wildtype	   digit	   identities.	   This	  reveals	  that	  additional	  digits	  in	  Gli3	  mutants	  do	  not	  result	  from	  ectopic	  expression	  of	   Shh,	   as	   observed	   in	   Alx-­‐4-­‐/-­‐	   mice,	   and	   that	   the	   autopod	   has	   an	   inherent	  polydactylous	   potential	   (Hui	   and	   Joyner,	   1993;	   Litingtung	   et	   al.,	   2002;	   Qu	   et	   al.,	  1998;	   te	  Welscher	  et	   al.,	   2002a).	  This	   further	  demonstrates	   that	  Gli3	   and	  Shh	   are	  both	  dispensable	   for	   formation	  of	   the	   limb	  skeleton,	  but	  are	  required	  to	   impose	  a	  pentadactyl	  (5-­‐digit)	  restraint	  on	  the	  polydactylous	  potential	  of	  the	  autopod	  and	  to	  specify	   digit	   identities	   (Litingtung	   et	   al.,	   2002;	   te	   Welscher	   et	   al.,	   2002a).	  Interestingly,	   Gli3+/-­‐;	   Shh-­‐/-­‐	  mice	   have	   3-­‐4	   digits	   that	   are	   all	   identified	   as	   digit	   1,	  demonstrating	   a	   correlation	   between	   levels	   of	   Gli3	   and	   digit	   number,	   but	   also	   a	  requirement	   of	   Shh	   to	   pattern	   posterior	   digits.	   Therefore,	   regulation	   of	   digit	  number	   and	   specification	   of	   digit	   identities	   are	   separable	   processes	   that	   both	  depend	  on	  Gli3	  (Litingtung	  et	  al.,	  2002).	  	  
It	  has	  been	  proposed	  that	  the	  role	  of	  Shh	  in	  specifying	  digit	  identities	  is	  to	  regulate	  the	   processing	   of	   Gli3	   to	   form	   a	   counter	   gradient	   of	   Gli3R	   across	   the	   AP	   axis	  (Litingtung	  et	  al.,	  2002;	  te	  Welscher	  et	  al.,	  2002a).	  	  Indeed,	  an	  anterior	  to	  posterior	  gradient	  of	  Gli3R	  is	  detectable	  in	  wildtype	  limbs,	  but	  lost	  in	  Shh-­‐/-­‐	  limbs	  (Litingtung	  et	   al.,	   2002).	   However,	   Gli1	   and	   Ptch1	   are	   still	   expressed	   in	   a	   normal	   domain,	  though	   less	   strongly,	   in	   Gli3	  nulls,	   but	   are	   not	   detected	   in	   Gli3-­‐/-­‐;	   Shh-­‐/-­‐	  mutants,	  suggesting	  a	  role	  for	  Gli2A	  and	  to	  a	  lesser	  extent	  Gli3A	  in	  regulating	  gene	  expression	  in	  the	  posterior	  of	  the	  limb	  bud.	  Two	  further	  studies	  have	  also	  implicated	  Gli2A	  and	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Gli3A	  in	  patterning	  posterior	  digits	  (Bowers	  et	  al.,	  2012;	  Wang	  et	  al.,	  2007).	  Digits	  in	  limbs	   lacking	   both	  Gli2	   and	  Gli3	   appear	  more	  malformed	   than	   those	   lacking	  Gli3	  alone.	  This	  phenotype	  can	  be	  made	  less	  severe	  when	  a	  GliA	  is	  expressed	  under	  the	  influence	   of	   the	   Gli2	   promoter	   (Bowers	   et	   al.,	   2012).	   	   However,	   it	   is	   difficult	   to	  judge	  whether	  the	  posterior	  digits	  of	  these	  mice	  are	  more	  patterned	  than	  the	  digits	  of	  Gli2-­‐/-­‐;Gli3-­‐/-­‐	  or	  Gli3-­‐/-­‐	  mice.	  This	  highlights	  an	   inherent	  difficulty	   in	   interpreting	  cellular-­‐level	  Shh	  signalling	  events	  by	  the	  effects	  on	  skeletal	  formation.	  	  
Shh	  signals	  in	  a	  dose	  and	  time	  dependant	  manner	  in	  vertebrate	  limbs	  
In	  contrast	  to	  a	  simple	  concentration	  gradient,	  the	  role	  of	  Shh	  in	  digit	  specification	  has	  been	  shown	  to	  be	  both	  concentration	  and	  time	  dependent.	  This	  was	  first	  shown	  in	  classic	  embryological	  studies,	  which	  demonstrated	  that	  the	  number	  of	  ZPA	  cells	  grafted	   to	   the	   anterior	   margin	   of	   a	   host	   wing,	   correlated	   to	   the	   identity	   of	   the	  resultant	   ectopic	   digit	   (Fig.	   2.1C)(Tickle,	   1981).	   As	   the	   number	   of	   ZPA	   cells	   (and	  therefore	  presumably	  the	  amount	  of	  secreted	  Shh)	  decreased,	  the	  ectopic	  digit	  they	  were	   capable	   of	   inducing	  became	  progressively	  more	   anterior	   (Fig.	   2.1C)	   (Tickle,	  1981).	   Similarly,	   the	   identity	   and	  number	  of	   additional	  digits	  produced	  by	  whole	  ZPA	  grafts	  is	  correlated	  to	  the	  amount	  of	  time	  a	  ZPA	  graft	  is	  left	  in	  place.	  Whole	  ZPA	  grafts	   left	   in	   place	   for	   15	   hours	   induce	   an	   additional	   digit	   1,	   but	   induce	   an	  additional	  digit	  2	  after	  17	  hours	  and	  additional	  digits	  1	  and	  2	  after	  24	  hours	  (Smith,	  1980).	  
Similar	  experiments	  using	  beads	  soaked	  in	  Shh	  protein	  directly	  demonstrated	  the	  effect	  of	  concentration	  and	  exposure	  time	  of	  Shh	  on	  digit	  identity.	  Beads	  soaked	  in	  increasingly	   higher	   concentrations	   of	   Shh	   are	   able	   to	   induce	   progressively	  more	  posterior	   digit(s)	   identities,	   when	   implanted	   into	   the	   anterior	   margins	   of	   wing	  buds	   (Yang	   et	   al.,	   1997).	   Meanwhile,	   removing	   beads	   soaked	   in	   a	   high	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concentration	  of	  Shh	  after	  16	  hours	  induced	  an	  additional	  digit	  1	  only.	  Removal	  at	  progressively	   later	   time	   points	   up	   to	   24	   hours	   however	   resulted	   in	   additional	  digit(s)	  of	  increasingly	  posterior	  identity,	  revealing	  a	  temporal	  gradient	  to	  Shh	  digit	  specification	  (Yang	  et	  al.,	  1997).	  	  
Conversely,	  premature	  termination	  of	  Shh	  signalling	  by	  application	  of	  cyclopamine,	  a	  potent	  antagonist	  of	  Smoothened	  (Cooper	  et	  al.,	  1998;	  Incardona	  et	  al.,	  1998),	  in	  stage	   HH18	   wing	   buds	   results	   in	   the	   loss	   of	   posterior	   digits,	   2	   and	   3,	   with	  disruption	   to	   digit	   1	   reported	   in	   some	   cases	   (Scherz	   et	   al.,	   2007;	   Towers	   et	   al.,	  2011).	  Limbs	  administered	  with	  cyclopamine	  at	  developmentally	  later	  time	  points	  however,	  exhibit	  an	  increasingly	  less	  severe	  malformation	  and	  loss	  of	  structures	  in	  an	  anterior	  to	  posterior	  sequential	  fashion	  –digits	  1	  and	  2	  are	  formed	  normally	  in	  wing	  buds	  treated	  with	  cyclopamine	  at	  HH20,	  whilst	  limbs	  treated	  at	  HH22	  develop	  digits	   1-­‐3	   normally	   (Scherz	   et	   al.,	   2007;	   Towers	   et	   al.,	   2011).	   These	   data	   suggest	  digit	  identities	  in	  the	  chicken	  are	  specified	  in	  an	  anterior	  to	  posterior	  sequence	  and	  that	  progenitors	  are	  promoted	  to	  more	  posterior	  identities	  by	  either	  higher	  doses	  of	   Shh	   or	   by	   longer	   exposures	   to	   Shh	   signalling	   (Tickle,	   1995).	   Shh	   also	   acts	   a	  mitogen	  in	  the	  chicken	  limb	  bud	  and	  is	  required	  for	  expansion	  of	  the	  AP	  axis	  which	  is	   critical	   for	   all	   digits	   of	   the	   chicken	  wing	   to	   form	   and	   has	   been	   proposed	   to	   be	  required	   for	   correct	   interpretation	  of	   the	  Shh	  morphogen	  gradient	   in	   the	  chicken	  limb.	  This	  has	  been	   termed	   the	  Growth/Morphogen	  model	   (Fig.	  2.2C)	   (Towers	  et	  al.,	  2008).	  
The	  morphogenic	  activity	  of	  Shh	   in	   the	  mouse	   limb	  appears	   to	  be	  different	   to	   the	  chicken.	   Altering	   the	   levels	   of	   Shh	   signalling,	   but	   not	   the	   duration,	   only	   affects	  anterior	   digits	   in	   the	  mouse.	   Mice	   genetically	   engineered	   to	   produce	   lower	   than	  normal	   concentrations	  of	   Shh	  over	   a	  normal	  duration,	   reportedly	   lack	  digit	  2	  but	  maintain	  normal	  development	  of	  posterior	  digits	  (Scherz	  et	  al.,	  2007).	  Conversely,	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mice	   engineered	   to	   produce	   normal	   levels	   of	   Shh	   but	   for	   a	   shorter	   than	   normal	  duration,	  reportedly	  lack	  digits	  4	  and	  5	  but	  develop	  normal	  anterior	  digits	  (Scherz	  et	  al.,	  2007).	  Meanwhile,	  mice	  defective	  in	  paracrine	  Shh	  signalling	  also	  reportedly	  lack	  a	  digit	  2	  (Harfe	  et	  al.,	  2004).	  
Fate	   mapping	   experiments	   have	   further	   revealed	   that	   the	   descendants	   of	   Shh	  expressing	  cells	  ultimately	  give	  rise	  to	  all	  cells	  in	  the	  posterior	  digits	  4	  and	  5,	  and	  part	  of	  digit	  3	   in	   the	  mouse,	   suggesting	   that	  cells	  exposed	   to	   the	  highest	   levels	  of	  Shh	   signalling	   contribute	   to	   more	   than	   one	   digit	   identity	   and	   are	   therefore	   not	  specified	   by	   a	   simple	   concentration	   thresholds	   alone	   (Harfe	   et	   al.,	   2004).	  Interestingly,	  descendants	  of	   cells	   still	   expressing	  Shh	   at	  E10.5	  only	   contribute	   to	  digits	  4	  and	  5,	  whilst	  descendants	  of	  cells	  expressing	  Shh	  at	  E11.5	  contribute	  only	  to	  digit	  5	  (Harfe	  et	  al.,	  2004).	  This	  suggests	  that	  cells	  exit	  the	  ZPA	  during	  patterning	  and	   that	   cells	   contribute	   to	   progressively	   more	   posterior	   digits	   the	   longer	   they	  remain	  in	  the	  ZPA	  –	  referred	  to	  as	  the	  Temporal	  Expansion	  model	  (Fig.	  2.2A).	  	  
In	   the	  chicken,	  ZPA	   fate	  maps	  have	  revealed	  that	  ZPA	  cells	  and	  their	  descendants	  encompass	  all	  cells	  in	  the	  most	  posterior	  digit	  of	  the	  hindlimb	  and	  contribute	  to	  the	  soft	   tissues	   of	   the	   second	  most	   posterior	   digit.	  However,	   ZPA	  descendants	   of	   the	  forelimb	  only	  contribute	  to	  the	  soft	  tissues	  of	  the	  most	  posterior	  digit	  (Tamura	  et	  al.,	   2011;	   Towers	   et	   al.,	   2011).	   This	   has	   led	   to	   the	   proposal	   that	   the	   digits	   of	   the	  chicken	   hindlimb	   are	   equivalent	   to	   digits	   1-­‐4	   in	   the	  mouse,	   but	   the	   digits	   of	   the	  chicken	   forelimb	   are	   equivalent	   to	   digits	   1-­‐3	   in	   the	  mouse	   (Tamura	   et	   al.,	   2011;	  Towers	  et	  al.,	  2011).	  
Based	   on	   these	   data	   the	   Temporal	   Expansion	   model	   proposes	   that	   the	   anterior	  digits	  of	  the	  mouse	  (1-­‐3)	  are	  specified	  by	  a	  morphogen	  gradient,	  dependent	  on	  Shh	  dispersion.	  Posterior	  digits	  (3-­‐5)	  meanwhile	  are	  specified	  by	  a	  mechanism	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Figure	  2.2	  |	  Overview	  of	  different	  models	  of	  digit	  specification	  in	  vertebrate	  limbs	  by	  
Shh	  signalling.	  A)	  The	  Temporal	  expansion	  model	  states	  that	  digit	  1	  arises	  independent	  of	  Shh	   signalling,	   digits	   2-­‐3	   are	   specified	  on	   a	   Shh	   concentration	   gradient	   but	   digits	   3-­‐5	   are	  specified	  by	  high	  concentrations	  of	  Shh	  and	  are	  differentiated	  by	  a	  temporal	  gradient	  (Harfe	  et	  al.,	  2004;	  Scherz	  et	  al.,	  2007).	  B)	  The	  Biphasic	  model	  states	  that	  Shh	  acts	  in	  two	  phases.	  It	  first	   specifies	   digit	   identities	   at	   an	   early	   stage	   and	   then	   acts	   in	   a	   mitogenic	   context	   to	  expand	  the	  digit	  forming	  field	  (Zhu	  et	  al.	  2008).	  C)	  The	  Growth-­‐morphogen	  model,	  similar	  to	  the	  temporal	  expansion	  model,	  but	  additionally	  states	  that	  the	  mitogenic	  activity	  of	  Shh	  is	  critical	  to	  expand	  the	  digit	  forming	  field	  and	  for	  consequently	  for	  correct	  digit	  patterning	  (Towers	  et	  al,	  2008).	  The	  timing	  of	  digit	  specification	  is	  denoted	  in	  hours	  post	  the	  onset	  of	  Shh	   expression.	   Image	   adapted	   from	   Towers	   and	   Tickle	   (Towers	   and	   Tickle,	   2009),	  permission	  obtained	  from	  the	  Company	  of	  Biologists,	  License	  Number:	  3750270635424.	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controlled	  by	   the	   length	  of	   cell	   exposure	   to	   autocrine	  Shh	   signalling	   (Harfe	   et	   al.,	  2004;	  Scherz	  et	  al.,	  2007).	  Thus,	  in	  specification	  of	  posterior	  digits,	  duration	  of	  Shh	  	  
signalling	  has	  been	  interpreted	  to	  be	  a	  more	  important	  parameter	  than	  a	  maximum	  threshold	  of	   Shh	   concentration.	   These	  data	   are	   consistent	  with	   a	  model	   in	  which	  digit	   identities	   are	   specified	   by	   cumulative	   levels	   of	   Gli	   activity,	   which	   are	  influenced	  by	  the	  level	  and	  duration	  of	  Shh	  signalling.	  	  
The	   Temporal	   Expansion	   model	   has	   been	   challenged	   however,	   by	   the	   Biphasic	  model,	   which	   primarily	   conflicts	   on	   the	   timing	   of	   digit	   specifications	   (Zhu	   and	  Mackem,	  2011;	  Zhu	  et	  al.,	  2008).	  The	  Biphasic	  model	  proposes	  that	  Shh	  acts	  in	  two	  distinct	   phases:	   firstly,	   to	   specify	   digit	   identities	   at	   a	   very	   early	   stage,	   and	   then	  secondly	  as	  a	  growth	  promoting	  factor	  to	  drive	  proliferation	  and	  AP	  expansion	  (Fig.	  2.2B)	  (Zhu	  and	  Mackem,	  2011;	  Zhu	  et	  al.,	  2008).	  This	  is	  based	  on	  observations	  that	  seemingly	  conflict	  with	  a	  Temporal-­‐Expansion	  model.	  Using	  a	  Gli1	  reporter,	  it	  was	  observed	   that	   posterior	   limb	   cells	   become	   less	   responsive	   to	   Shh	   signalling	   by	  E11.5	  (Ahn	  and	  Joyner,	  2004).	  This	  conflicts	  with	  a	  model	  in	  which	  continued	  Shh	  signalling	  is	  required	  to	  specify	  posterior	  digits.	  	  
Moreover,	   genetically	   removing	   Shh,	   using	   recombinases,	   at	   successively	   earlier	  stages	  reportedly	  resulted	  in	  digit	  losses	  in	  an	  unexpected	  order	  of:	  digit	  3,	  digit	  5,	  digit	  2	  and	  digit	  4	  (Zhu	  et	  al.,	  2008).	  This	  is	  also	  in	  conflict	  with	  previously	  reported	  loss	   of	   digits	   in	   antero-­‐posterior	   order	   and,	   in	   particular,	   with	   observations	   that	  digits	  4	  and	  5	  are	  lost	  in	  mice	  with	  a	  shortened	  duration	  of	  Shh	  signalling	  (Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2008;	  Towers	  et	  al.,	  2011;	  Yang	  et	  al.,	  1997).	  
However,	   the	   morphologies	   of	   different	   mouse	   digits	   are	   similar	   and	   it	   can	   be	  difficult	   to	   interpret	   their	   identity,	   especially	   in	   mutants	   that	   have	   developed	   in	  abnormal	  contexts.	  This	  again	  illustrates	  the	  challenge	  of	  using	  the	  morphologies	  of	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skeletal	   formations	   to	   deduce	   molecular	   and	   cellular	   interpretations	   of	   Shh	  signalling,	   particularly	  when	   they	   form	  many	   hours	   after	   the	   patterning	   event.	   It	  further	   highlights	   the	   need	   to	   uncover	   molecular	   markers	   of	   individual	   digit	  identities	  (if	  they	  exist)	  to	  aid	  the	  interpretation	  of	  patterning	  defects	  (Towers	  and	  Tickle,	  2009).	  
An	   alternative	  model	   has	   proposed	   that	   digit	   patterning	   is	   not	   controlled	   by	   Shh	  but	  by	  a	  reaction-­‐diffusion	  e-­‐type	  mechanism.	   	  Indeed,	  Shh	  is	  not	  required	  for	  the	  formation	  of	  digits	  as	  demonstrated	  by	  the	  polydactylous	  limbs	  of	  Gli3-­‐/-­‐;	  Shh-­‐/-­‐	  mice	  (Litingtung	   et	   al.,	   2002;	   te	   Welscher	   et	   al.,	   2002a).	   The	   reaction-­‐diffusion	  mechanism	  model	  was	  originally	  proposed	  by	  Turing	  who	  demonstrated	   through	  mathematical	   modelling	   that	   periodic	   patterns	   of	   alternating	   stripes	   could	   be	  formed	   by	   the	   diffusion	   of	   interacting	   activators	   and	   inhibitors	   (Turing,	   1952).	  Recent	   work	   combining	   experimental	   data	   with	   in	   silico	  modelling	   has	   led	   to	   a	  resurgence	   in	  this	  theory	  and	  Bmps,	  Sox9	  and	  Wnts	  have	  recently	  been	  identified	  as	  putative	  molecules	  controlling	  a	  Turing	  network	  (Raspopovic	  et	  al.,	  2014;	  Sheth	  et	  al.,	  2012).	  In	  this	  model	  Bmps	  promote	  Sox9	  but	  are	  self-­‐inhibiting,	  whilst	  Sox9	  inhibits	  both	  Bmps	  and	  Wnt	  and	  Wnt	   is	   inhibiting	  to	   itself	  and	  Sox9.	   In	  computer	  simulations	  this	  produces	  a	  pattern	  of	  alternating	  strips	  of	  Sox9	  and	  Bmp/Wnt	  in	  a	  model	   limb,	   which	   ultimately	   gives	   rise	   to	   digital	   and	   inter-­‐digital	   regions	  respectively	   that	   appear	   remarkably	   similar	   to	   actual	  digit	  patterns	  of	   the	  mouse	  (Raspopovic	  et	  al.,	  2014).	  	  
Experimentation	   has	   indirectly	   shown	   that	   Sox9	   is	   observed	   out	   of	   phase	   with	  Bmps	  and	  Wnts	  but	  in	  phase	  with	  Bmp	  response,	  supporting	  this	  model.	  Moreover,	  perturbations	   to	   signalling	   in	   in	   silico	   models	   (such	   as	   termination	   of	   Bmp	  signalling)	   appears	   to	   accurately	   predict	   the	   digit	   patterns	   that	   are	   observed	   in	  limbs	   that	   are	  perturbed	   experimentally	   (Raspopovic	   et	   al.,	   2014).	  However,	   it	   is	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yet	  to	  be	  directly	  demonstrated	  that	  Bmps/Wnt/Sox9	  act	  as	  activators/repressors	  on	  one	  another	  or	  that	  Wnts	  are	  expressed	  in	  a	  periodic	  pattern	  as	  required	  by	  the	  model.	  Moreover,	   a	   critical	   requirement	   of	   reaction	   diffusion	  mechanisms	   is	   that	  activators	  and	  inhibitors	  must	  have	  different	  rates	  of	  diffusion,	  which	  has	  also	  yet	  to	   be	   determined.	   The	   role	   of	   a	   Turing-­‐type	  mechanism	   in	   digit	   formation	   is	   an	  intriguing	  model,	   but	   cannot	   be	   conclusively	   defined	   without	   further	   supporting	  experimental	  data.	  
Whilst	   a	   Turing-­‐type	   mechanism	   may	   control	   wavelengths	   of	   digital	   and	   inter-­‐digital	   regions	   within	   developing	   limb	   buds,	   it	   unclear	   how	   such	   a	   model	   could	  specify	  different	  digit	   identities.	  It	  has	  recently	  been	  proposed	   that	   the	  seemingly	  conflicting	  positional	   information	  (Wolpert,	  1969)	  and	  Turing	  mechanism	  models	  (Turing,	   1952)	   could	   in	   fact	   be	   reconciled	   in	   a	   combined	   model	   where	   both	  mechanisms	   are	   required,	   and	   act	   co-­‐operatively,	   to	   produce	   normally	   patterned	  limbs	  (Green	  and	  Sharpe,	  2015).	  In	  this	  model	   it	  has	  been	  proposed	  that	  a	  Turing	  mechanism	   controls	   digital	   and	   inter-­‐digital	   cell	   fates	   and	   a	   Shh	   morphogen	  gradient	   acts	   over	   this	   to	   specify	   digit	   identities	   in	   digit	   forming	   progenitors.	  Indeed,	   the	   digits	   of	   Gli3-­‐/-­‐;	   Shh-­‐/-­‐	   mice	   lack	   all	   wildtype	   digit	   identities,	  demonstrating	   that	   the	   formation	   of	   digits	   and	   the	   patterning	   of	   digits	   are	  separable	  processes	  (Litingtung	  et	  al.,	  2002;	   te	  Welscher	  et	  al.,	  2002a).	  Moreover,	  
Gli3-­‐/-­‐mutants	   exhibit	   severe	   polydactyly	   similar	   to	   Gli3-­‐/-­‐;	   Shh-­‐/-­‐	  mutants,	   but	   in	  contrast,	   display	   at	   least	   partially	   patterned	   posterior	   digits,	   highlighting	   the	  requirement	  of	  Shh	  to	  pattern	  posterior	  digits	  (Litingtung	  et	  al.,	  2002;	  te	  Welscher	  et	  al.,	  2002a).	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Encoding	  digit	  identity	  
Whilst	   it	   has	   been	  demonstrated	   that	   altering	   either	   the	   level	   or	   duration	   of	   Shh	  signalling	  can	  ultimately	  specify	  different	  digit	  identities,	  it	  is	  still	  unclear	  how	  this	  is	   achieved	   at	   a	   transcriptional	   level.	   Moreover,	   though	   targets	   of	   Shh	   signalling	  have	   been	   identified	   in	   the	   limb,	   definitive	  molecular	  markers	   of	   individual	   digit	  identities	   remain	   elusive.	   Chromatin	   Immuno-­‐precipitation	   (ChIP)	   and	   gene	  expression	   analysis	   experiments	   have	   begun	   to	   uncover	   downstream	   Gene	  Regulatory	   Networks	   (GRNs)	   of	   Shh	   signalling	   in	   limb	   progenitors	   (Bangs	   et	   al.,	  2010;	  McGlinn	  et	  al.,	  2005;	  Vokes	  et	  al.,	  2008).	  	  
A	   genome-­‐wide	   analysis	   of	   Gli3	   Cis	   regulatory	   sites	   in	   E11.5	   mouse	   limb	  progenitors,	   genetically	   engineered	   to	   over-­‐express	   Gli3R,	   has	   been	   perhaps	   the	  most	   revealing	   of	   these	   studies	   (Vokes	   et	   al.,	   2008).	   Over	   5000	   high	   quality	   Gli	  binding	  sites	  and	  over	  200	  putative	  limb	  target	  genes	  were	  identified	  in	  this	  study.	  Of	   these,	   23	   posteriorly	   biased	   genes	   were	   closely	   associated	   with	   Gli	   Binding	  Regions	  (GBRs)	  including	  core	  Shh	  pathway	  components	  Gli1,	  Ptch1	  and	  Ptch2.	  The	  5’	  HoxA	  and	  HoxD	  clusters,	  Hand2,	  Sall1,	  Grem1,	  Bmp2,	  and	  Tbx2/3	  were	  amongst	  a	  core	   subset	   of	   putative	   Shh	   targets	   in	   the	   posterior	   limb	   that	   have	   been	   directly	  implicated	  in	  normal	  limb	  development	  (Davenport	  et	  al.,	  2003;	  Fromental-­‐Ramain	  et	   al.,	   1996;	  Khokha	   et	   al.,	   2003;	  McLeskey	  Kiefer	   et	   al.,	   2003;	   te	  Welscher	   et	   al.,	  2002b).	  Dlk1	  and	   the	   transcriptional	   repressor	  Blimp1	  were	  also	  named	  as	  prime	  posterior	   targets	   of	   Shh,	   though	   limb	  patterning	   is	   unperturbed	   in	  both	  Dlk1	  and	  
Blimp1	  deficient	  embryos	  (Cheung	  et	  al.,	  2013;	  Vincent	  et	  al.,	  2005).	  	  
Anteriorly	  biased	  genes,	  Pax1,	  Pax9,	  Alx-­‐4,	  Dlx5,	  Irx3	  and	  Zic3	  similarly	   associated	  with	   GBRs.	   Dlx5	   and	   Alx-­‐4	  mutants	   also	   display	   limb	   abnormalities	   (Sowińska-­‐Seidler	  et	  al.,	  2014;	   te	  Welscher	  et	  al.,	  2002a),	  whilst	  embryos	   lacking	  Gli3	  do	  not	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express	  Alx-­‐4	  or	  Pax9	  in	  the	  anterior	  limb,	  demonstrating	  that	  binding	  of	  Gli3R	  can	  induce	   expression	   in	   certain	   contexts	   (te	   Welscher	   et	   al.,	   2002a).	   Several	   of	   the	  putative	  direct	  targets	  of	  Shh	  proposed	  in	  this	  study	  have	  recently	  been	  verified	  by	  whole	  mount	  in	  situ	  hybridisation	  analysis	  (Lewandowski	  et	  al.,	  2015).	  	  
This	   study	   categorised	   direct	   Shh	   targets	   in	   posterior,	   posterior-­‐proximal,	   and	  middle	   AP	   territories,	   although	   functional	   analysis	   of	   these	   targets	   is	   yet	   to	  demonstrate	  whether	  they	  play	  a	  role	  in	  specifying	  digit	  identities.	  	  
Microarray	   analysis	   of	   the	   posterior	   and	   anterior	   thirds	   of	  wildtype	   and	   Talpid3	  mutant	   chicken	   embryos	   also	   highlighted	   HoxD13,	   Hand2,	   Sall1,	   Gi1,	   Ptch1	   and	  
Bmp2	   as	   downstream	   targets	   of	   Shh	   signalling	   (Bangs	   et	   al.,	   2010).	   Whilst,	  microarray	   analysis	   of	   Gli3-­‐/-­‐	  mutants	   in	   conjunction	   with	   whole	   mount	   in	   situ	  hybridisations	  demonstrated	  that	  Gli3	  is	  required	  for	  Pax9	  to	  be	  expressed,	  and	  for	  the	  notch	  ligand	  receptor	  Jagged1	  (Jag1)	  to	  be	  repressed,	  in	  the	  anterior	  of	  mouse	  limbs	  (McGlinn	  et	  al.,	  2005).	  Interestingly,	  Pax9	  deficient	  mice	  exhibit	  an	  additional	  digit	   1	   in	   both	   forelimbs	   and	   hindlimbs	   (Peters	   et	   al.,	   1998).	   Homozygous	  mutations	   in	   Jag1	   are	   embryonic	   lethal,	   preventing	   diagnosis	   of	   potential	   limb	  defects,	  whilst	  heterozygotes	  appear	  normal	  (Xue	  et	  al.,	  1999).	  	  
Of	   the	   genes	   highlighted	   in	   these	   studies,	   5’Hox	   cluster	   and	   Tbx2/3	   have	   been	  proposed	   as	   transcription	   factors	   required	   to	   specify	   posterior	   digit	   identities.	  Successive	  loss	  of	  HoxA13	  and	  HoxD13	  alleles	  in	  mice	  results	  in	  progressively	  more	  severe	   autopod	   malformations	   (Fromental-­‐Ramain	   et	   al.,	   1996).	   Loss	   of	   a	   single	  
HoxD13	  allele	   results	   in	   a	   fusion	   of	   digits	   2	   and	   3,	  whilst	   loss	   of	   a	  HoxA13	   and	   a	  
HoxD13	  allele	  results	  in	  syndactyly	  in	  digits	  2-­‐4.	  HoxA13+/-­‐;	  HoxD13-­‐/-­‐	  and	  HoxA13-­‐/-­‐;	  
HoxD13+/-­‐	  mice	  exhibit	  malformed	  and	  supernumerary	  digits	  that	  display	  distal	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Figure	  3	  |	  Schematic	  of	  the	  proposed	  Gene	  Regulatory	  Network	  (GRN)	  downstream	  of	  
Shh	   signalling	   in	   the	   limb.	   Shh	  expression	   is	   induced	   by	  Hand2,	  Tbx2/3,	   5’HoxA/D	  and	  indirectly	  through	  the	  transcriptional	  repressor	  Blimp1.	  Hand2	  also	  represses	  Gli3R	  activity	  in	  the	  early	  posterior	  limb,	  whilst	  Gli3R	  antagonistically	  represses	  Hand2	  expression	  in	  the	  early	   anterior	   limb	   establishing	   an	   AP	   pre-­‐pattern	   (Chiang	   et	   al.,	   2001).	   Shh	   signalling	  promotes	   processing	   of	   GliAs	   and	   inhibits	   processing	   of	   Gli3Rs.	   GliAs	   positively	   regulate	  expression	  of	  Gli1,	  Hand2,	  5’Hox,	  Tbx2/3	  and	  Blimp1	  in	  a	  positive	  feed-­‐forward	  loop,	  as	  well	  as	   Grem1	   and	   Bmps	   in	   the	   posterior	   and	   anterior	   limb	   bud.	   Gli3R	   negatively	   regulates	  
Hand2,	  Gli1	  and	  5’HoxA/D	  and	  is	  indirectly	  required	  for	  Pax1/9,	  Zic3	  and	  Alx-­‐4	  expression	  in	  the	   anterior	   limb	   bud.	   Image	   sourced	   from	   Vokes	   et	   al.	   (Vokes	   et	   al.	   2008),	   permission	  obtained	  from	  Cold	  Spring	  Harbour	  Laboratory	  Press.	  	  
Chapter	  1:	  Introduction	  
	   42	  
fusion.	  This	  phenotype	  appears	  more	  severe	  in	  HoxA13+/-­‐;	  HoxD13-­‐/-­‐mutants	  (Fromental-­‐Ramain	   et	   al.,	   1996).	   Mice	   completely	   lacking	   both	   HoxA13	   and	   HoxD13	   exhibit	   a	  complete	   loss	  of	  all	   autopod	  skeletal	  elements	   in	  both	   limbs	   (Fromental-­‐Ramain	  et	  al.,	  1996).	  These	  data	  demonstrate	  Hox13	  is	  required	  for	  skeletal	  formation	  of	  the	  autopod	  and	  for	  constraining	  digit	  number.	  Conversely,	  ectopically	  expressing	  HoxD11-­‐13,	  in	  the	  anterior	  of	  the	  early	  limb	  results	  in	  mirror	  image	  digit	  duplications	  comparable	  to	  those	  seen	   in	   ectopic	   Shh	   application	   (Zákány	   et	   al.,	   2004),	   leading	   to	   the	   suggestion	   that	  different	   levels	   of	  HoxD11-­‐13	   levels	   across	   the	   antero-­‐posterior	   axis	   specify	   different	  digit	  identities	  (Zakany	  and	  Duboule,	  2007).	  	  
Tbx3-­‐/-­‐	   mice	   display	   skeletal	   abnormalities	   in	   the	   ulna	   and	   posterior	   digits	   of	   the	  forelimb	  and	  strikingly	  lack	  all	  skeletal	  elements	  of	  the	  hindlimb	  autopod	  except	  digit	  1	  (Davenport	   et	   al.,	   2003).	  Misexpression	   of	  Tbx2/3	  however,	   can	   reportedly	   transform	  digits	  2	  and	  3	  of	  the	  chicken	  hindlimb	  into	  more	  posterior	  fates	  leading	  to	  the	  suggestion	  that	   Tbx3	   and	   a	   combination	   of	   Tbx2/3	   specify	   chicken	   digits	   3	   and	   4	   respectively	  (Suzuki	   et	   al.,	   2004).	   However,	   both	   Tbx2	   and	   Tbx3	   are	   also	   expressed	   in	   anterior	  domains,	   which	   is	   conflicting	   with	   this	   model.	   Interestingly,	   recent	   studies	   have	  demonstrated	  that	  Tbx3	  acts	  directly	  as	  a	  regulator	  of	  alternative	  RNA	  splicing,	  as	  well	  as	  a	  transcriptional	  repressor	  (Frank	  et	  al.,	  2013;	  Kumar	  et	  al.,	  2014).	  
Meanwhile,	  it	  has	  been	  proposed	  that	  Zic3	  and	  Lhx9	  expression	  may	  demarcate	  digit	  1	  of	  chicken	   forelimbs	  and	  hindlimbs	  (Carkett	  and	  Logan,	  2011;	  Wang	  et	  al.,	  2011).	  Digit	  1	  progenitors	   of	   stage	   HH28	   chicken	   limbs	   showed	   an	   enrichment	   of	   Zic3	   and	   Lhx9	  compared	   to	   progenitors	   of	   other	   digits	   via	   RNAseq	   analysis.	  Whilst	   these	   genes	  may	  mark	   particular	   digits,	   they	   are	   not	   necessarily	   direct	   targets	   of	   Shh	   signalling	   in	  specifying	  digit	  identities,	  as	  Shh	  is	  no	  longer	  expressed	  in	  stage	  HH28	  limb	  buds.	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It	  has	  also	  been	  suggested	  that	  BMP	  signalling	  from	  interdigital	  mesenchyme	  may	  play	  a	  role	   in	   defining	   identities	   of	   adjacent	   digits	   (Dahn	   and	   Fallon,	   2000).	   Removal,	   of	  interdigit	  regions	  or	  application	  of	  beads	  soaked	  in	  BMP	  antagonist,	  Noggin,	  causes	  the	  loss	   of	   phalanxes	   in	   the	   adjacent	   digit,	   consistent	   with	   a	   more	   anterior	   identity,	   in	  chicken	   hindlimbs	   (Dahn	   and	   Fallon,	   2000).	   In	   this	   model	   different	   levels	   of	   BMP	  signalling	  within	  each	  interdigit	  region	  (1-­‐3),	  as	  measured	  by	  Smad	  activity,	  are	  thought	  to	   specify	   digit	   identities,	   with	   more	   posterior	   interdigit	   regions	   experiencing	   higher	  levels	   of	   Smad	   activity	   (Suzuki	   et	   al.,	   2008).	   However,	   genetic	   removal	   of	   BMPs	  expressed	  in	  limb	  development,	  singularly	  or	  in	  combination	  -­‐	  Bmp2c/c,	  Bmp4c/c,	  Bmp7-­‐/-­‐,	  
Bmp2c/c;	   Bmp7-­‐/-­‐	  or	   Bmp2c/c;	   Bmp4c/c	   –	  produces	   limbs	   with	   no	   AP	   patterning	   defects	  although	  posterior	  digits	  are	  missing	  in	  Bmp2c/c,	  Bmp4c/c	  mutants	  (Bandyopadhyay	  et	  al.,	  2006).	   It	  was	  also	  noted	  that	  a	  minimum	  amount	  of	  BMP	  signalling	   is	  required	   for	   the	  maintenance	   of	   chondrogenesis	   and	   some	   cartilaginous	   elements	   are	   missing	   from	  limbs	  lacking	  Bmp2	  and	  Bmp4	  (Bandyopadhyay	  et	  al.,	  2006).	  	  
1.4	   Intra-­‐cellular	   dynamics	   of	   Shh	   signalling:	   Insights	   from	   the	   neural	  
tube	  	  
Shh	  interpretation	  by	  a	  temporal	  adaptation	  mechanism	  
A	   molecular	   understanding	   of	   the	   responses	   to	   Shh	   signalling	   has	   been	   well	  characterised	  in	  the	  vertebrate	  neural	  tube.	  Shh	  acts	  in	  a	  graded	  fashion	  to	  pattern	  the	  dorso-­‐ventral	  axis	  of	   the	  neural	   tube	  via	  graded	  Gli	  activity	   (Ribes	  and	  Briscoe,	  2009).	  This	   is	   a	   dynamic	   process	   in	   which	   different	   levels	   and	   durations	   of	   Shh	   signalling	  induce	   the	   expression	   of	   specific	   transcription	   factors	   to	   specify	   tightly	   controlled	  progenitor	  domains,	  which	  in	  turn	  give	  rise	  to	  distinct	  neuronal	  cell	  subtypes	  (Briscoe	  et	  al.,	  1999;	  Briscoe	  et	  al.,	  2000;	  Dessaud	  et	  al.,	  2007;	  Dessaud	  et	  al.,	  2010).	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It	  has	  been	  demonstrated	  that	  negative	  feedback	  is	  critical	   for	  neural	  tube	  progenitors	  to	   correctly	   interpret	   graded	   Shh	   signalling,	   in	   a	   mechanism	   termed,	   Temporal	  Adaptation	  (Dessaud	  et	  al.	  2007;	  Dessaud	  et	  al.	  2010).	  Neural	  tube	  explants	  dosed	  with	  a	  range	   of	   exogenous	   Shh	   concentrations	   initially	   exhibit	   a	   similar	   level	   of	   response,	  measured	  by	  Gli	  activity,	   irrespective	  of	   the	  concentration	  of	  Shh	   they	  are	  dosed	  with.	  However,	  Gli	  activity	  decreases	  in	  explants	  over	  time,	  in	  an	  apparent	  desensitisation	  to	  Shh	   signalling	   (Dessaud	   et	   al.,	   2007).	   Interestingly,	   explants	   exposed	   to	   increasingly	  higher	   concentrations	   of	   Shh,	   begin	   to	   display	   desensitisation	   at	   an	   increasingly	   later	  time	   (Fig.	   3A).	   Thus,	   cells	   exposed	   to	   higher	   concentrations	   of	   Shh	   experience	   longer	  durations	   of	   Gli	   activity.	   This	   converts	   extracellular	   concentrations	   of	   Shh	   into	   intra-­‐cellular	  durations	  of	  Gli	  activity,	  integrating	  both	  the	  level	  (concentration)	  and	  duration	  of	   Shh	   signalling	   into	   a	   single	   output.	   This	   reconciles	   previous	  models	   of	  morphogen	  activity	   that	   have	   emphasised	   either	   concentration	   or	   time	   dependent	   mechanisms	  (Ribes	  and	  Briscoe,	  2009).	  
Duration	  of	  Gli	  activity	  is	  critical	  in	  activating	  expression	  of	  Olig2	  and	  Nkx2.2,	  which	  are	  sequentially	   expressed	   and	   identify	   increasingly	   ventral	   fates	   (Briscoe	   et	   al.,	   1999;	  Briscoe	  et	  al.,	  2000,	  Dessaud	  et	  al.,	  2007).	  Interestingly,	  assignment	  of	  positional	  identity	  in	   the	  neural	   tube	   is	  a	  dynamic	  process,	  whereby	  cells	  can	  revert	   to	  more	  dorsal	   fates	  upon	   premature	   termination	   of	   Shh	   signalling,	   demonstrating	   that	   cumulative	   Gli	  activity	  rather	   than	  maximal	   threshold	   levels	  are	  required	  to	  specify	  and	  maintain	  cell	  fates	   (Dessaud	   et	   al.,	   2010).	   Thus,	   neural	   tube	   progenitors	   appear	   to	   be	   promoted	   to	  increasingly	  ventral	  fates	  by	  increasing	  levels	  of	  cumulative	  duration	  of	  Gli	  activity	  over	  time.	   Importantly,	   duration	   of	   Gli	   activity	   is	   limited	   in	   cells	   exposed	   to	   lower	  concentrations	  of	  Shh	  by	  an	  earlier	  onset	  of	  desensitisation.	  	  
	  
Chapter	  1:	  Introduction	  




Figure	   4|	   Schematic	   of	   the	   Temporal	   adaptation	   model.	   (A)	   Signal	   output	   of	   neural	   tube	  explants	  dosed	  with	  high	  concentrations	  of	  Shh	  ([S1])	  and	  lower	  concentrations	  of	  Shh	  ([S2]),	  as	  measured	  by	  Gli	  activity	  over	  time.	  Initially,	  explants	  dosed	  with	  different	  concentrations	  of	  Shh	  exhibit	   a	   similar	   level	   of	  Gli	   activity.	  However,	   over	   time,	   explants	  become	  desensitised	   to	   Shh	  signalling	  at	  a	  rate	  that	  is	  inversely	  proportional	  to	  the	  concentration	  of	  Shh	  they	  are	  exposed	  to.	  Thus,	  cells	  exposed	  to	  lower	  concentrations	  of	  Shh	  experience	  a	  shorter	  duration	  of	  Gli	  activity.	  This	   temporal	   adaption	   mechanism	   is	   required	   for	   a	   graded	   response	   to	   Shh	   signalling	   and	  ultimately	   results	   in	   sequential	   expression	   of	   more	   ventral	   transcription	   factors	   designating	  more	  ventral	  progenitor	  pools	  (Dessaud	  et	  al.,	  2007).	  (B)	  In	  contrast,	  neural	  tube	  explants	  dosed	  with	  different	  concentrations	  of	  Smoothed	  (Smo)	  agonist	  purmorphamine	  ([P1],	  [P2])	  display	  a	  similar,	   and	   more	   moderate,	   level	   of	   desensitisation	   irrespective	   of	   purmorphamine	  concentration.	   This	   suggests	   that	   desensitisation	   observed	   in	   explants	   dosed	   with	   Shh,	   is	  primarily	   controlled	   by	   events	   upstream	   of	   Smo	   activation,	   but	   that	   other	   forms	   of	   feedback	  inhibition	  may	   operate	   downstream	   of	   Smo	   activation.	   Image	   sourced	   from	  Ribes	   and	   Briscoe	  (Ribes	   and	   Briscoe,	   2009),	   permission	   obtained	   from	   Cold	   Spring	   Harbour	   Laboratory	   Press.	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Ligand	  dependent	  antagonism	  	  
Desensitisation	   to	   Shh	   is	   a	   result	   of	   negative	   feedback	   that	   inhibits	   Gli	   activity.	  Inhibition	   of	   Gli	   activity	   is	   at	   least	   in	   part	  mediated	   through	   upregulation	   of	   Shh	  receptors	   and	   a	   simultaneous	   downregulation	   of	   Shh	   co-­‐receptors.	   	   The	   Shh	  receptors,	   Ptch1	   and	   Ptch2,	   and	   Shh	   binding	   antagonist	   Hhip	   operate	   in	   a	   semi-­‐redundant	  manner	  to	   limit	  the	  extent	  and	  level	  of	  Shh	  signalling	  (Coulombe	  et	  al.,	  2004;	  Goodrich	  et	  al.,	  1997;	  Holtz	  et	  al.,	  2013;	   Jeong	  and	  McMahon,	  2005;	  Ochi	  et	  al.,	  2006;	  Taipale	  et	  al.,	  2002).	   	  Ptch1	  and	  Ptch2,	  present	  at	  basal	  levels	  within	  the	  primary	  cilium,	  act	  to	  inhibit	  Smo	  activation	  in	  the	  absence	  of	  Shh	  ligand	  –	  known	  as	  Ligand	   Independent	  Antagonism	   (LIA)	   (Holtz	   et	   al.,	   2013;	   Ingham	  et	   al.,	   2000;	  Jeong	   and	  McMahon,	   2005).	  Whilst	   Hhip	   is	   capable	   of	   limiting	   Shh	   signalling	   by	  sequestering	  Shh	  ligand,	  but	  has	  no	  influence	  on	  Smo	  (Coulombe	  et	  al.,	  2004;	  Ochi	  et	  al.,	  2006).	  Genetic	  removal	  of	  Ptch1	  results	  in	  almost	  complete	  ventralisation	  of	  the	   neural	   tube.	   However,	   mice	   genetically	   engineered	   to	   express	   low	   levels	   of	  
Ptch1	   under	   a	   metallothionein	   promoter	   (mtPtch1;	   Ptch1-­‐/-­‐)	   show	   a	   less	   severe	  ventralisation	   (Jeong	   and	   McMahon,	   2005).	   Progressive	   removal	   of	   Ptch1,	   Ptch2	  and	  Hhip	  alleles	  on	  a	  mtPtch1	  background	  results	  in	  successively	  more	  ventralised	  neural	   tubes	   demonstrating	   their	   collective	   role	   in	   negatively	   regulating	   Shh	  signalling	  (Holtz	  et	  al.,	  2013;	  Jeong	  and	  McMahon,	  2005).	  	  
Upon	  pathway	  activation,	  Ptch1,	  Ptch2	  and	  Hhip	  are	  upregulated	  resulting	   in	  high	  levels	   of	   receptors	   in	   cells	   close	   to	   the	   source	   of	   Shh.	   This	   causes	   both	   noncell-­‐autonomous	   and	   cell-­‐autonomous	   feedback	   inhibition.	   In	   D.	   melanogaster,	   high	  levels	  of	  Ptc	  close	  to	  a	  Shh	  source	  has	  been	  shown	  to	  sequester	  Shh	  and	   limit	   the	  spread	   of	   ligand	   to	   cells	   more	   distal	   to	   the	   source	   (Chen	   and	   Struhl,	   1996).	  Conversely,	  expression	  of	  Shh	  targets	  in	  the	  dorsal	  neural	  tube	  and	  an	  expansion	  of	  more	   ventral	   domains	   upon	   downregulation	   or	   removal	   of	   Ptch1,	   Ptch2	   and/or	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Hhip,	  suggest	  Shh	  is	  able	  to	  spread	  further	  than	  normal	  in	  this	  context	  (Jeong	  and	  McMahon,	  2005).	  In	  Smo-­‐/-­‐	  mutants,	  Shh	  ligand	  can	  be	  directly	  detected	  at	  twice	  its	  normal	   distance	   from	   the	   neural	   tube	   floorplate	   (where	   Shh	   is	   produced),	  demonstrating	  the	  importance	  of	  response	  to	  Shh	  signalling	  in	  limiting	  the	  spread	  of	  Shh	  ligand	  (Chamberlain	  et	  al.,	  2008).	  Thus,	  the	  upregulation	  of	  receptors	  has	  a	  noncell-­‐autonomous	  affect	  by	   limiting	  Shh	  spread,	   shaping	   the	   spatial	   gradient	  of	  Shh	  ligand.	  
Conversely,	  ectopic	  expression	  of	  Ptch1	  or	  Hhip	  in	  the	  chicken	  neural	  tube	  inhibits	  specification	   of	   ventral	   neural	   fates	   in	   a	   cell-­‐autonomous	  manner	   (Briscoe	   et	   al.,	  2001;	   Stamataki	   et	   al.,	   2005).	   It	   is	   unclear	   whether	   this	   results	   from	   increased	  repression	  of	  Smo	  or	  through	  increased	  competition	  of	   ‘non-­‐productive’	  receptors	  that	   can	   sequester	   Shh	   ligand	   but	   do	   not	   interact	   with	   Smo	   to	   transduce	   Shh	  signalling	  (Holtz	  et	  al.,	  2013;	  Jeong	  and	  McMahon,	  2005).	  Autonomous	  and	  noncell-­‐autonomous	   feedback	   inhibition	   resulting	   from	   active	   Shh	   signalling	   has	   been	  collectively	  termed	  Ligand	  Dependent	  Antagonism	  (LDA)	  (Holtz	  et	  al.,	  2013;	  Jeong	  and	  McMahon,	  2005).	  
Shh	   co-­‐receptors	   Gas1,	   Cdon	   and	   Boc,	   positively	   regulate	   Shh	   signalling	   and	   are	  collectively	  required	  for	  normal	  neural	  tube	  patterning	  (Allen	  et	  al.,	  2007;	  Allen	  et	  al.,	   2011;	   Martinelli	   and	   Fan,	   2007;	   Tenzen	   et	   al.,	   2006).	   Misexpression	   of	   Gas1,	  
Cdon	  or	  Boc	  in	  the	  dorsal	  neural	  tube	  promotes	  ectopic,	  Shh	  dependent,	  expression	  of	  ventrally	  associated	  transcription	  factors	  in	  a	  cell-­‐autonomous	  manner	  (Allen	  et	  al.,	   2007;	   Allen	   et	   al.,	   2011;	   Tenzen	   et	   al.,	   2006).	   Genetic	   removal	   of	   any	   one	   co-­‐receptor	  has	  only	  a	  mild	  effect	  on	  neural	   tube	  patterning,	  but	  removal	  of	  any	  two	  causes	  phenotypes	   reminiscent	  of	  a	  decrease	   in	  Shh	  signalling	   (Allen	  et	  al.,	  2007;	  Allen	   et	   al.,	   2011;	   Ribes	   and	   Briscoe,	   2009).	   Strikingly,	   Gas1-­‐/-­‐;	   Cdon-­‐/-­‐;	   Boc-­‐/-­‐	  compound	   mutant	   mice	   exhibit	   a	   complete	   loss	   of	   Shh	   dependent	   neural	   tube	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progenitors,	  and	  display	  a	  phenotype	  similar	  to	  Smo-­‐/-­‐	  mutants	  (Allen	  et	  al.,	  2011).	  All	  three	  co-­‐receptors	  have	  been	  shown	  to	  be	  downregulated	  by	  Shh,	  which,	  it	  has	  been	  proposed,	  also	  contributes	  to	  LDA	  and	  desensitisation	  to	  Shh	  signalling	  (Allen	  et	  al.,	  2011;	  Tenzen	  et	  al.,	  2006).	  	  
It	   has	   been	   directly	   demonstrated	   that	   Ptch1-­‐mediated	   LDA	   contributes	   to	   Shh	  desensitisation	  that	  is	  required	  for	  correct	  gradient	  interpretation	  by	  the	  temporal	  adaption	   mechanism.	   Inhibiting	   Ptch1	   upregulation	   using	   RNAi	   in	   neural	   tube	  explants	   promotes	   expression	   of	   more	   ventrally	   associated	   transcription	   factors	  when	   exposed	   to	   low	   doses	   of	   Shh	   (Dessaud	   et	   al.,	   2007).	   Meanwhile,	   explants	  dosed	  with	  a	  Smo	  agonist,	  purmorphamine,	  fail	  to	  show	  a	  graded	  desensitisation	  to	  increasing	   levels	   of	   Smo	   activation,	   demonstrating	   that	   feedback	   inhibition	  affecting	   levels	   of	   Gli	   activity	   operates	   upstream	   of	   Smo	   activation	   (Fig.	   3B)	  (Dessaud	  et	  al.,	  2007).	  However,	  the	  roles	  of	  Ptch2,	  Hhip	  and	  co-­‐receptor	  mediated	  LDA	  in	  correct	  gradient	  interpretation	  has	  yet	  to	  demonstrated	  directly.	  	  
Nonetheless,	  collectively	  these	  data	  suggest	  a	  model	  in	  which	  LDA	  acting	  upstream	  of	   Smo	   activation	   is	   required	   to	   limit	   Shh	   signalling	   and	   impose	   a	   temporal	  adaption	  mechanism.	  	  This	  in	  turn	  is	  required	  for	  correct	  interpretation	  of	  the	  Shh	  morphogen	  gradient.	  However,	   it	   is	   currently	  unclear	  why	  cells	  exposed	   to	   lower	  concentrations	   of	   Shh	   should	   experience	   desensitisation	   soonest.	   Also,	   negative	  feedback	   downstream	   of	   Smo	   activation	   has	   also	   been	   reported,	   suggesting	   that	  temporal	   adaption	  may	   be	   influenced	   by	   other	   negative	   feedback	  mechanisms	   in	  addition	  to	  LDA	  (Cohen	  et	  al.,	  2015;	  Dessaud	  et	  al.,	  2007).	  Shh	  signalling	  can	  lead	  to	  downregulation	   of	   Gli2	   protein	   in	   neural	   tube	   progenitors	   whilst	   Gli3	   is	  transcriptionally	  downregulated	  by	  Shh	  signalling	  in	  limb	  buds	  (Cohen	  et	  al.,	  2015;	  te	  Welscher	  et	  al.,	  2002a).	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Intra-­‐cellular	   dynamics	   of	   Shh	   signalling	   in	   limb	   progenitors	   is	   yet	   to	   be	  investigated.	  However,	   it	  has	  been	  demonstrated	   that	   increasingly	  posterior	   fates	  can	  be	  induced	  by	  increasing	  either	  levels	  or	  durations	  of	  Shh	  signalling	  (Harfe	  et	  al.,	   2004;	   Scherz	   et	   al.,	   2007;	   Towers	   et	   al.,	   2011;	   Yang	   et	   al.,	   1997).	   This	   is	  consistent	  with	   a	  model	   in	  which	   concentration	   and	  duration	  of	   Shh	   signalling	   is	  integrated	   into	  cumulative	  Gli	  activity,	  which	  designates	  positional	   information	   in	  limb	   progenitors.	   A	   role	   of	   negative	   feedback	   in	   influencing	   the	   duration	   of	   Gli	  activity	   and	   therefore	   gradient	   interpretation	   in	   the	   limb	   is	   also	   yet	   to	   be	  determined.	  	  	  
1.5	   Differences	   in	   Shh	   signalling	   in	   vertebrate	   forelimbs	   and	  
hindlimbs	  
Although	   forelimb	   and	   hindlimb	   buds	   both	   develop	   from	   equivalent	  mesodermal	  tissues	   under	   the	   control	   of	   conserved	   signalling	   centres,	   they	   go	   on	   to	   form	  distinct	   morphological	   outputs	   (Duboc	   and	   Logan,	   2011).	   The	   development	   of	  forelimb	  and	  hindlimb-­‐type	  morphologies	   is	   thus	  a	  useful	  paradigm	  to	  study	  how	  diversity	   of	   form	   can	   be	   generated	   through	   modulation	   of	   conserved	   gene	  regulatory	  networks	  (Duboc	  and	  Logan,	  2011).	  
In	   the	   chicken,	   differences	   between	   the	   forelimbs	   and	   hindlimbs	   are	   particularly	  pronounced,	  with	  the	  most	  obvious	  differences	  observed	  in	  the	  skeletal	  structures	  that	  are	  patterned	  by	  Shh.	  The	  forelimb	  is	  comprised	  of	  3	  digits	  (1-­‐3)	  whereas	  the	  hindlimb	   is	   comprised	   of	   4	   digits	   (1-­‐4).	   The	   digits	   of	   the	   hindlimb	   are	   generally	  composed	   of	  more	   phalanges	   than	   those	   of	   the	   forelimb	   (2-­‐2-­‐1;	   2-­‐3-­‐4-­‐5)	   (Fig.	   1)	  and	   the	   metatarsals	   are	   also	   longer	   than	   the	   metacarpals	   making	   the	   hindlimb	  autopod	  larger	  overall	  (Fig.	  1B,	  D).	  Differences	  also	  exist	  in	  the	  zeugopod,	  with	  the	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hindlimb	  again	  being	  considerably	  larger.	  The	  zeugopod	  of	  the	  forelimb	  is	  formed	  of	   a	   radius	   and	   an	   ulna	   of	   approximately	   equal	   size,	   whilst	   the	   hindlimb	   is	  comprised	  of	  a	  large	  tibia	  but	  a	  very	  small	  fibular	  (Fig.	  1).	  These	  differences	  suggest	  there	   may	   be	   differences	   in	   the	   levels	   or	   durations	   of	   Shh	   signalling	   in	   the	  respective	   limbs	  or	   intrinsic	  differences	   in	   the	  response	  of	   forelimb	  and	  hindlimb	  cells	  to	  equivalent	  Shh	  signalling.	  Despite	  this,	  it	  is	  generally	  assumed	  that	  Shh	  acts	  equivalently	   in	   forelimb	   and	   hindlimb	   buds	   and	   potential	   differences	   in	   Shh	  signalling	  dynamics	  of	  the	  respective	  limb	  buds	  have	  yet	  to	  be	  investigated.	  	  
Interestingly,	   several	   studies	   have	   highlighted	   differences	   in	   the	   populations	   of	  cells	  that	  appear	  to	  be	  responding	  to	  Shh	  and	  the	  effects	  of	  altering	  Shh	  signalling	  in	   forelimbs	   and	   hindlimbs.	   Oligozeugodactylyl	   chicken	   mutants,	   in	   which	   Shh	  expression	  is	  absent	  in	  the	  limb,	  lack	  all	  forelimb	  digits	  but	  retain	  a	  single	  digit	  1	  in	  the	   hindlimb,	   suggesting	   digit	   1	   of	   the	   hindlimb,	   but	   not	   of	   the	   forelimb,	   forms	  independently	  of	  Shh	  signalling	  (Ros	  et	  al.,	  2003).	  Shh-­‐/-­‐	  mice	  display	  an	  equivalent	  phenotype	   (Chiang	   et	   al.,	   2001).	   Recently,	   comparative	   fate	  maps	   of	   stage	   HH20	  chicken	  forelimb	  and	  hindlimb	  buds	  demonstrated	  that	  cells	  that	  give	  rise	  to	  digit	  1	  of	  the	  hindlimb	  originate	  from	  a	  more	  anterior	  position	  than	  cells	  that	  give	  rise	  to	  digit	  1	  of	  the	  forelimb	  (Nomura	  et	  al.,	  2014;	  Vargesson	  et	  al.,	  1997a).	  This	  further	  suggests	  that	  cells	  that	  give	  rise	  to	  digit	  1	  in	  the	  hindlimb,	  but	  not	  the	  forelimb,	  may	  be	  too	  distant	  from	  the	  ZPA	  to	  be	  influenced	  by	  Shh	  signalling.	  
Fate	   maps	   of	   ZPA	   cells	   in	   chicken	   forelimbs	   and	   hindlimbs	   have	   meanwhile	  demonstrated	   differences	   in	   the	   populations	   that	   comprise	   the	   posterior	   digits.	  Descendants	  of	  the	  hindlimb	  ZPA	  encompass	  all	  cells	  of	  the	  most	  posterior	  digit	  of	  the	   hindlimb	   (digit	   4)	   and	   contribute	   to	   the	   soft	   tissues	   of	   digit	   3.	   Conversely,	  descendants	   of	   the	   forelimb	   ZPA	   only	   contribute	   to	   the	   soft	   tissues	   of	   the	   most	  posterior	   digit	   (Tamura	   et	   al.,	   2011;	   Towers	   et	   al.,	   2011).	   This	   has	   led	   to	   the	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proposal	   that	   the	  digits	  of	   the	  chicken	   forelimb	  are	  equivalent	   to	  digits	  1-­‐3	   in	   the	  hindlimb	  and	  demonstrates	  an	   intrinsic	  difference	   in	   the	  propensity	  of	  respective	  ZPAs	  to	  form	  a	  digit.	  Whilst	  these	  data	  don’t	  necessarily	  suggest	  differences	  in	  Shh	  signalling	  or	  response	  to	  Shh	  signalling	  between	  forelimb	  and	  hindlimb	  cells,	  they	  demonstrate	   differences	   in	   the	   populations	   of	   cells	   that	   give	   rise	   to	   the	   digits	   of	  respective	  limbs.	  	  
The	  time	  required	  for	  Shh	  to	  complete	  patterning	  of	  respective	  limbs	  also	  appears	  to	  be	  different.	  Reducing	  the	  duration	  of	  endogenous	  Shh	  signalling	  in	  chicken	  limb	  buds	   using	   Smo	   antagonist,	   cyclopamine,	   has	   a	   more	   potent	   effect	   on	   forelimbs.	  Forelimb	   buds	   exhibit	   a	   greater	   loss	   of	   digits	   and	  more	   severe	  malformations	   of	  digits,	   than	   hindlimb	   buds	   dosed	   with	   cyclopamine	   over	   an	   equivalent	   period.	  Moreover,	  hindlimbs	  display	  normal	  patterning	  at	  an	  earlier	  time	  than	  forelimbs	  in	  these	  experiments	  suggesting	   that	  hindlimbs	  are	  patterned	  by	  Shh	  over	  a	  shorter	  period	  (Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2011).	  	  
Finally,	   phenotypic	   differences	   exist	   between	   the	   forelimbs	   and	   hindlimbs	   of	  mutants	   that	   display	   lack	   Gli3R.	   Shh-­‐/-­‐;	   Gli3-­‐/-­‐,	   Gli3-­‐/-­‐	   and	   Talpid3	  mutants	   display	  severe	   polydactyly	   and	   have	   up	   to	   9	   unpatterned	   (in	   Shh-­‐/-­‐;	   Gli3-­‐/-­‐)	   digits	   in	   the	  forelimb	   whilst	   hindlimbs	   only	   exhibit	   an	   additional	   digit,	   though	   patterning	   is	  equally	  affected	  (Litingtung	  et	  al.,	  2002).	  This	  suggests	  that	  the	  forelimb	  bud	  has	  an	  inherent	  potential	  to	  form	  more	  digits	  than	  the	  hindlimb	  in	  the	  absence	  of	  Shh.	  	  
Collectively,	   these	   data	   suggest	   that	   differences	   may	   exist	   in	   the	   levels	   of	   Shh	  signalling	   experienced	   by	   cells	   that	   comprise	   the	   digits	   of	   the	   respective	   limbs.	  Differences	   in	   Shh	   signalling	   in	   forelimbs	   and	   hindlimbs	   may	   result	   from	  differences	   in	   Shh	   exposure:	   spatially,	   quantitatively	   or	   temporally;	   or	   from	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differential	  responses	  to	  equivalent	  Shh	  signalling.	  At	  present	  it	  is	  unclear	  whether	  the	  nascent	  forelimb	  and	  hindlimb	  are	  subject	  to	  equal	  levels	  of	  Shh	  signalling.	  	  
1.6	  Summary	  of	  aims	  
The	   aim	   of	   this	   work	   is	   to	   build	   on	   previous	   studies	   to	   define	   a	   better	  understanding	  of	  how	  Shh	  patterns	  vertebrate	  limbs	  at	  a	  molecular	  level.	  Although	  downstream	   GRNs	   have	   begun	   to	   be	   unravelled	   in	   the	   limb,	   the	   immediate	  molecular	   responses	   to	  Shh	  signalling	  and	  how	   this	  directs	  morphogenesis	  of	   the	  limb	  is	  yet	  to	  be	  fully	  understood.	  Moreover,	  attempts	  thus	  far	  have	  been	  unable	  to	  differentiate	   between	   genes	   that	   are	   optimally	   induced	   by	   different	   levels	   or	  durations	   of	   Shh	   signalling	   and	   molecular	   markers	   of	   individual	   digit	   identities	  remain	  elusive.	  How	  cells	  integrate	  different	  levels	  and	  durations	  of	  Shh	  signalling	  and	   whether	   a	   temporal	   adaptation	   mechanism	   is	   required	   for	   correct	  interpretation	  of	   the	  Shh	  morphogen	  gradient	  as	  observed	   in	   the	  neural	   tube	  has	  not	   been	   investigated	   in	   the	   limb.	   Finally,	   Shh	   is	   assumed	   to	   act	   equivalently	   in	  forelimbs	   and	   hindlimbs,	   despite	   considerable	   morphological	   differences	   in	  structures	   that	   are	   patterned	   by	   Shh	   in	   some	   species.	   Thus,	   differences	   in	   Shh	  signalling	  or	  in	  responses	  to	  Shh	  signalling	  may	  exist	  between	  respective	  limbs.	  
To	  address	  these	  overriding	  biological	  questions,	  my	  aims	  were:	  
1. To	  develop	  an	  assay	  to	  examine	  the	  immediate	  transcriptional	  responses	  of	  chicken	  forelimb	  and	  hindlimb	  cells	  to	  different	  levels	  and	  durations	  of	  Shh	  signalling,	  using	  RNAseq.	  	  2. To	  attempt	  to	  define	  candidate	  markers	  of	  individual	  digit	  identities	  3. To	   examine	   the	   role	   of	   negative	   feedback,	   at	   different	   levels,	   in	   correct	  morphogen	  gradient	  interpretation	  in	  limbs.	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4. To	   investigate	   potential	   differences	   in	   Shh	   signalling	   dynamics	   between	  chicken	  forelimbs	  and	  hindlimbs,	  and	  potential	  differences	  in	  the	  response	  of	   forelimb	   and	   hindlimb	   progenitors	   to	   equivalent	   Shh	   signalling.	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2.1	  Chick	  limb	  bud	  measurements	  
The	   length	   of	   the	   proximodistal	   (PD)	   axis	   of	   stage	   HH18,	   HH19,	   HH20,	   HH21,	   HH22,	  HH24	   and	   HH26	   chick	   forelimb	   and	   hindlimb	   buds,	   were	   measured	   from	   images	  captured	  using	  a	  Leica	  MZ7S	  microscope	  at	  a	  magnification	  of	  x3.2	  and	  a	  Leica	  DFC	  320	  camera,	   at	   the	   widest	   point,	   using	   ImageJ64	   software	   (Rasband,	   2008).	   The	  anteroposterior	  (AP)	  axis	  was	  measured,	  as	  above,	  at	  the	  mid-­‐point	  of	  the	  proximodistal	  axis	   of	   the	   Shh	   expressing	   domain	   of	   limb	   buds.	   The	   PD-­‐AP	   area	   of	   limb	   buds	   were	  measured	  using	   ImageJ64	   software	   (Rasband,	  2008)	  on	   images	  of	   limb	  buds	   captured	  using	  a	  Leica	  MZ7S	  microscope	  at	  a	  magnification	  of	  x3.2	  and	  a	  Leica	  DFC	  320	  camera.	  Mean	   lengths	  and	  areas	  ±SEM	  were	  determined	   from	  biological	   replicates	   (n=3)	  using	  Graphpad	  Prism	  software.	  
2.2	  Quantifying	  limb	  bud	  cell	  numbers	  	  
Whole	   forelimb	   and	   hindlimb	   buds	   from	   stage	   HH17,	   HH18,	   HH19,	   HH21,	   HH22,	   and	  HH24	   chicks	   were	   dissected	   in	   L-­‐15	  media	   (Gibco)	   and	   dissociated	   in	   0.5%	   Trypsin-­‐EDTA	   solution	   (Gibco)	   for	  5	  minutes	   at	  37oC.	  Trypsinisation	  was	   terminated	  via	   a	  10-­‐fold	  dilution	  of	  Trypsin-­‐EDTA	  solution	  in	  Dulbecco's	  Modified	  Eagle's	  Medium/Nutrient	  F-­‐12	  Ham	  (1:1)	  media	  (hereafter	  DMEM:F-­‐12)	  (Gibco)	  containing	  10%	  Fetal	  Calf	  Serum	  (FCS)	   (Gibco).	  Dissociated	  cells	  were	  pelleted	  via	  centrifugation	   in	  a	  Eppendorf	  5702R	  centrifuge	  at	  3000rpm	  for	  5	  minutes	  and	  were	  resuspended	  in	  1ml	  DMEM:F-­‐12	  (Gibco).	  10μl	  of	  resuspended	  cells	  was	  pipetted	  onto	  a	  hemocytometer	  and	  covered	  with	  a	  glass	  cover	  slip.	  Cell	  counts	  from	  two	  hemocytometer	  grids,	  for	  each	  biological	  sample,	  were	  counted	  using	  a	  Radiance	  2100	  (BioRad)	  microscope	  and	  multiplied	  by	  104	  to	  estimate	  concentration	  of	  cell	  suspension,	  cells/ml	  and	  total	  cell	  number.	  Total	  cell	  numbers	  were	  used	   to	   estimate	   the	   number	   of	   cells	   per	   limb	   bud.	   Resuspended	   cells	   were	   further	  diluted	   if	   the	   concentration	   of	   resuspended	   cells	   was	   greater	   than	   an	   optimum	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concentration	  of	  between	  1-­‐3	  million	  cells	  per	  millilitre	  (approximately	  50-­‐150	  cell	  per	  grid).	   Further	   dilutions	   were	   taken	   into	   account	   in	   subsequent	   calculations	   of	   cell	  number	   estimates.	  Mean	   cell	   number/limb	  bud	   estimates	  ±SEM	  was	  determined	   from	  biological	   replicates	   (n=3	   biological	   replicates	   of	   3	   limbs	   each)	   using	  Graphpad	   Prism	  software.	  
2.3	  Whole	  mount	  in	  situ	  hybridisations	  
In	  situ	  template	  plasmids	  for:	  chicken	  Shh,	  Gli1	  and	  Ptch2	  previously	  described	  (Marigo	  et	   al.,	   1996a;	  Marigo	   et	   al.,	   1996b);	   for:	   chick	  Hst3st2,	  Mab21l1,	  Cntfr,	   Smoc1,	  Hapln1,	  
Hmgn5,	   Lhx6,	   Tsku	   and	   Has2	   (Image	   cDNA	   clones,	   Source	   Bioscience)	   and	   for:	   chick	  
Foxc2,	   FoxF1,	   and	   Foxo6	   generated	   as	   described	   below,	   were	   used	   as	   templates	   to	  generate	   RNA	   in	   situ	  hybridisation	   probes	   for	   respective	   transcripts.	   Templates	   were	  linearised	  using	  appropriate	  restriction	  enzymes	  (New	  England	  Bioscience)	  according	  to	  the	  manufacturer’s	   instructions,	   in	   a	   final	   volume	   of	   20μl	   for	   1	   hour.	   Linearised	   DNA	  plasmids	   were	   extracted	   by	   adding	   180μl	   of	   10mM	   Tris	   pH7.5	   and	   200μl	   of	  phenol:chloroform	   (Sigma	   Aldrich)	   and	   vortexing	   vigorously	   before	   centrifugation	   at	  14,000	  rpm	  in	  a	  Thermo	  Scientific	  Heraeus	  Fresco	  17	  centrifuge	  for	  3	  minutes	  at	  4°C	  to	  separate	   the	  aqueous	  phase.	  The	  aqueous	  phase	   (200μl)	  was	  extracted	  by	  pipette	  and	  DNA	  was	  precipitated	  by	  adding	  20μl	  3M	  Na-­‐acetate,	  600μl	  100%	  ethanol	   (EtOH)	  and	  1μl	  glycogen,	  as	  carrier,	  and	   incubating	  at	   -­‐20°C	   for	  30	  minutes.	   	  DNA	  was	  pelleted	  by	  centrifugation	   as	   before	   but	   for	   10	   minutes	   and	   was	   washed	   in	   500μl	   of	   70%	   EtOH	  before	  being	  re-­‐pelleted,	  as	  before	  but	  for	  3	  minutes.	  Purified	  DNA	  was	  resuspended	  in	  10μl	  of	  10mM	  Tris	  pH7.5.	  
Digoxigenin	   (DIG)	   labelled	   RNA	   probes	   were	   transcribed	   in	   vitro	   from	   linearised	  template	  plasmids	  using	  T7	  or	  T3	  Polymerase	  (New	  England	  Bioscience)	  and	  DIG	  RNA	  labelling	  mix	  (Roche)	  according	  to	  manufacturer’s	  instrcutions,	  in	  a	  final	  volume	  of	  20μl	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for	   2	   hours.	   	   Successful	   transcription	   was	   visualised	   by	   running	   1μl	   of	   transcription	  reaction	  mix	  on	  a	  1%	  agrose	  gel.	  RNA	  probes	  were	  precipitated	  by	  adding	  80μl	  10mM	  Tris	  pH7.5,	  10μl	  4M	  LiCl,	  300μl	  100%	  EtOH	  and	  1μl	  glycogen	  to	  transcription	  reaction	  mixes	   and	   incubating	   at	   -­‐20°C	   for	   30	  minutes.	   RNA	  was	   pelleted	   by	   centrifugation	   at	  14,000	  rpm	  in	  a	  Thermo	  Scientific	  Heraeus	  Fresco	  17	  centrifuge	  for	  10	  minutes	  and	  was	  washed	   in	   500μl	   of	   70%	   EtOH	   before	   being	   re-­‐pelleted	   as	   before	   for	   3	  minutes.	   RNA	  pellets	  were	  air-­‐dried	  and	  resuspended	  in	  50μl	  of	  Tris	  pH7.5	  and	  50μl	  of	  hybridisation	  buffer.	  50μl	  of	  resuspended	  RNA	  probe	  was	  diluted	  150-­‐fold	  in	  hybridisation	  buffer	  to	  a	  working	  concentration	  for	  in	  situ	  hybridisation.	  	  All	  probes	  were	  stored	  at	  -­‐20°C.	  	  
Whole	  mount	  in	  situ	  hybridisations	  were	  carried	  out	  as	  previously	  described	  (Riddle	  et	  al.,	   1993).	   Images	  of	  RNA	  expression	  patterns	  were	  photographed	  using	  a	  Leica	  MZ7S	  microscope	  and	  a	  Leica	  DFC	  320	  camera	  using	  Leica	  Firecam	  software.	  
2.4	  Quantifying	  endogenous	  expression	  levels	  of	  Shh,	  Ptch1	  and	  Gli1	  in	  
chick	  forelimbs	  and	  hindlimb	  buds	  
The	   posterior	   third	   of	   chick	   forelimb	   and	   hindlimb	  buds	   of	   stage	  HH17,	  HH18,	  HH19,	  HH20,	   HH21,	   HH22	   and	   HH24	   chicks	   were	   dissected	   in	   L-­‐15	   media	   (Gibco)	   before	  immediate	   purification	   of	   total	   RNA	   using	   an	   RNeasy	   mini-­‐kit	   (Qiagen).	   Endogenous,	  relative	  expression	  levels	  of	  Shh,	  Ptch1,	  and	  Gli1	  were	  determined	  by	  quantitative	  PCR	  as	  described	   below	  using	   primers	   and	   qPCR	  programs	   stated	   (Table	   1,	   2).	  Mean	   relative	  expression	  ±SEM	  was	  determined	  from	  biological	  replicates	  (n=2	  biological	  replicates	  of	  3	  explants	  each)	  using	  Graphpad	  Prism	  software.	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2.5	  Quantifying	  Shh	  expression	  and	  Shh	  response	  domains	  in	  chick	  limb	  
buds	  
In	   situ	   hybridisation	   patterns	   of	   Shh	   and	   Ptch2	   in	   forelimb	   and	   hindlimb	   buds	   were	  captured	  using	  a	  Leica	  MZ7S	  microscope	  at	  a	  magnification	  of	  x3.2	  and	  a	  Leica	  DFC	  320	  camera.	   Total	   AP-­‐PD	   areas	   of	   limb	   buds	   were	   measured	   using	   ImageJ64	   software	   as	  above.	  To	  measure	  the	  expression	  domains	  (AP-­‐PD	  areas)	  of	  Shh	  and	  Ptch2,	  images	  were	  converted	   to	   8-­‐bit	   grey-­‐scale	   and	   an	   individual	   threshold	   for	   each	   image	   was	   set	   to	  ensure	   the	   full	   extent	   of	   the	   expression	   domain	   was	   measured	   above	   threshold.	   A	  boundary	  was	  drawn	  around	   the	  posterior	   third	  of	   the	   limb	  and	   the	  number	  of	  pixels	  above	  threshold	  within	  this	  boundary	  was	  measured	  to	  give	  an	  estimation	  of	  expression	  domain	   size.	   Mean	   estimated	   areas	   ±SEM	  were	   determined	   from	   biological	   replicates	  (n=3)	   using	   Graphpad	   Prism	   software.	   Normalised	   Shh	   and	   Ptch2	  domain	   sizes	   were	  calculated	  as	  a	  percentage	  of	  total	  limb	  bud	  AP-­‐PD	  area.	  	  
2.6	  Dissociated	  cell	  culture	  
Fertilised	   chicken	   eggs	   (Needle’s	   Farms,	  Winter’s	   Farms)	  were	   incubated	   at	   37°C	   and	  staged	   according	   to	   Hamburger	   and	   Hamilton	   (HH)	   staging	   of	   normal	   chick	  development	  (Hamburger	  and	  Hamilton,	  1951).	  The	  anterior	  two	  thirds	  of	  stage	  HH18	  chick	   forelimbs	   and	   hindlimbs	   were	   dissected	   in	   L-­‐15	   media	   (Gibco).	   Forelimb	   and	  hindlimb	   explants	   were	   pooled	   separately	   and	   dissociated	   in	   0.5%	   Trypsin-­‐EDTA	  solution	   (Gibco)	   for	   5	   minutes	   at	   37oC.	   Trypsinisation	   was	   terminated	   via	   a	   10-­‐fold	  dilution	  of	  Trypsin-­‐EDTA	  solution	   in	  DMEM:F-­‐12	   (Gibco)	   containing	  10%	  FCS	   (Gibco).	  Dissociated	   cells	  were	   pelleted	   via	   centrifugation	   in	   a	   Eppendorf	   5702R	   centrifuge	   at	  3000rpm	  for	  5	  minutes	  and	  were	  resuspended	  in	  serum	  free	  conditions	  in	  DMEM:F-­‐12	  (Gibco)	  supplemented	  with	  150ng/ml	  Fgf4,	  Mito	  Serum	  (BD)	  and	  Glutamax	  (Invitrogen).	  Dissociated	  cells	  were	  seeded	  onto	  Fibronectin	  coated	  wells	  in	  96-­‐well	  plates	  (Nunco)	  at	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a	   concentration	   of	   1.3x105	   cells/well.	   Fibronectin	   coating	   was	   achieved	   by	   applying	  200μl	   of	   20mg/ml	   Fibronectin	   solution	   from	   Bovine	   plasma	   (Sigma)	   directly	   to	   the	  bottom	  of	  wells	  for	  5	  minutes,	  at	  room	  temperature,	  before	  being	  aspirated.	  Cells	  were	  cultured	   in	   DMEM:F-­‐12	   (Gibco)	   supplemented	   with	   50U/ml	   Penicillin,	   50μg	   /ml	  Streptomycin,	  150ng/ml	  Fgf4,	  Mito	  Serum	  (BD)	  and	  Glutamax	  (Invitrogen)	   for	  3,	  6,	  15	  or	   20	   hours	   in	   the	   presence	   of	   0,	   1,	   2,	   4	   or	   8nM	   recombinant	  mouse	   Sonic	  Hedgehog	  (Shh)-­‐N	  protein	  (Hereon	  Shh-­‐N).	  Shh-­‐N	  protein	  was	  a	  kind	  gift	   from	  Dr.	   James	  Briscoe	  (The	  Francis	  Crick	  Institute).	  
2.7	  Explant	  ex	  vivo	  culture	  
The	   anterior	   two	   thirds	   of	   forelimbs	   and	   hindlimbs	  were	   harvested	   from	   stage	  HH18	  chicken	  embryos	  as	  previously	  described.	  Limb	  explants	  were	  cultured	  ex	  vivo	  following	  an	   adaptation	   of	   previous	   protocols	   (Dessaud	   et	   al.,	   2007;	  Dessaud	   et	   al.,	   2010),	  with	  thanks	  to	  Dr.	  Noriaki	  Sasai	  and	  Dr.	  James	  Briscoe	  (The	  Francis	  Crick	  Institute)	  for	  input	  into	   protocol	   adaptation.	   Limb	   explants	   (3	   per	   biological	   sample)	   were	   embedded,	  intact,	   in	  25μl	  of	  Bovine	  Collagen	  type	  I	  (Sigma-­‐Aldrich)	  containing	  DMEM	  (Gibco)	  and	  7.5μmol	   Na2CO3	   (Sigma-­‐Aldrich)	   in	   48-­‐well	   plates	   (Nunco).	   Collagen	   solutions	  containing	  limb	  explants	  were	  incubated	  at	  37°C	  for	  45	  minutes	  to	  allow	  them	  to	  set	  and	  were	   subsequently	   immersed	   and	   cultured	   in	   DMEM:F-­‐12	   media	   supplemented	   with	  50U/ml	   Penicillin,	   50μg/ml	   Streptomycin,	   150ng/ml	   Fgf4,	   Mito	   Serum	   (BD)	   and	  Glutamax	   (Invitrogen).	  Explants	  were	   cultured	  ex	  vivo	  for	  6,	  12,	  16	  or	  20	  hours	   in	   the	  presence	  of	  0,	  1,	  2,	  4,	  8	  or	  16nM	  Shh-­‐N.	  All	  explant	  data	  represent	  biological	  triplicates.	  	  	  	  
In	   separate	   experiments,	   limb	   explants	   were	   harvested	   and	   cultured	   as	   previously	  described	   for	   6,	   12	   or	   16	   hours	   in	   the	   presence	   of	   0,	   0.2,	   0.4,	   1.5,	   3	   or	   6μM	  purmorphamine	   (Sigma)	   dissolved	   in	   100%	   dimethyl	   sulfoxide	   (DMSO)	   (Sigma).	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Explants	  under	  all	  purmorphamine	  conditions	  were	  cultured	  at	  a	  final	  concentration	  of	  3.2%	  DMSO.	  All	  purmophamine	  dosage	  data	  represent	  biological	  triplicates.	  	  	  	  
2.8	  Quantitative	  PCR	  
Total	  RNA	  was	  purified	   from	  explants	   and	  dissociated	   cells	   immediately	   after	   culture,	  using	   an	  RNeasy	  mini-­‐kit	   (Qiagen)	   according	   to	   the	  manufacturer’s	   instructions.	   Total	  RNA	   was	   eluted	   in	   50μl	   of	   RNAse-­‐free	   water	   and	   was	   stored	   at	   -­‐80oC.	   RNA	  concentrations	   and	   quality	   were	   determined	   using	   a	   NanoDrop	   2000	   (Thermo	  Scientific).	   cDNA	  was	   generated	   from	   100ng	   of	   total	   RNA	   per	   sample	   using	   150ng	   of	  random	   hexamers	   (Invitrogen)	   and	   Superscript	   III	   reverse	   transcriptase	   (Invitrogen)	  according	  to	  the	  manufacturer’s	  instructions.	  	  
Quantitative	  PCRs	  (qPCRs)	  were	  carried	  out	  using	  Power	  SYBR	  Green	  reagents	  (Applied	  bioscience)	   according	   to	   manufacturers	   instructions	   on	   a	   7900	   HT-­‐fast	   machine	  (Applied	  biosystems)	  or	  a	  ViiATM	  7	  Real-­‐Time	  PCR	  System,	  using	  standard	  run	  length	  at	  a	   final	   volume	   of	   20μl/well	   in	   96-­‐well	   plates	   (MicroAmp)	   or	   10μl/well	   in	   384-­‐well	  plates	   (MicroAmp).	  Standard	  curves	  were	  generated	   for	  each	  qPCR	  using	  a	  4-­‐step,	  1:5	  dilution	  series	  from	  cDNA	  isolated	  from	  whole	  stage	  HH20	  chick	  embryos.	  Primers	  and	  PCR	  programs	  used	  are	  summarised	  in	  Table	  1	  and	  Table	  2	  respectively.	  All	  qPCRs	  were	  carried	  out	  in	  technical	  triplicate.	  	  
Levels	   of	   transcripts	   were	   determined	   using	   the	   relative	   standard	   curve	   analysis	  	  (Applied	   biosystems)	   and	   were	   normalised	   to	   levels	   of	   Gapdh	   transcripts	   using	  Microsoft	   Excel.	   Mean	   of	   relative	   expression	   ±SEM	   was	   determined	   from	   biological	  replicates	  only	  (n=2-­‐3	  biological	  samples	  of	  3	  explants	  per	  biological	  sample	  or	  1	  well	  of	  dissociated	   cells	   per	   biological	   sample)	   using	   Graphpad	   Prism	   software.	   Statistical	  analysis	  of	  qPCR	  data	  was	  performed	  using	  Graphpad	  Prism	  software.	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2.9	  RNA-­‐sequencing	  
Total	  RNA	   from	   limb	  explants	  were	  purified	  and	  stored	  as	  above.	  cDNA	   libraries	  were	  prepared	   using	   TruSeq	   RNA	   Sample	   Prep	   Kit	   V2	   (Illumina)	   according	   to	   the	  manufacturers	  low	  throughput	  protocol,	  from	  500ng	  of	  total	  RNA	  per	  biological	  sample.	  The	   quality	   of	   libraries	  was	   determined	  by	   Qubit	   (Life	   Technologies)	   and	   Bioanalyser	  (Agilent)	   and	   sequenced	   on	   a	   HiSeq2500	   sequencing	   machine	   (Illumina),	   at	   a	   75bp	  read	  length,	  single	  end	  only.	  Alignment	  free	  quantification	  of	  previously	  annotated	  RNA	  isoforms	   (Galgal4	   chicken	   transcriptome,	   UCSC),	   from	   raw	   sequence	   reads	   was	  performed	   using	   the	   Sailfish	   computational	  method	   (Patro	   et	   al.,	   2014)	  with	   the	   kind	  help	   of	   Dr.	   James	   Briscoe	   (The	   Francis	   Crick	   Institute,	   Mill	   Hill	   Laboratories).	   Read	  counts	  were	  normalised	  using	  total	  read	  count	  (TC)	  method	  (Anders	  and	  Huber,	  2010;	  Dillies	  et	  al.,	  2013;	  Soneson	  and	  Delorenzi,	  2013).	  	  
2.10	  Generation	  of	  gene	  lists	  	  
Downstream	   analysis	   of	   raw	   read	   counts	  was	   performed	   using	  Microsoft	   Excel	   and	   R	  programming	  language	  and	  statistical	  package	  (R	  Development	  Core	  Team,	  2011).	  The	  value	  1	  was	  added	  to	  all	  read	  counts	  to	  prevent	  anomalies	  resulting	  from	  numbers	  <1	  in	  downstream	  analyses.	  Genes	  with	  a	  sum	  normalised	  read	  count	  across	  all	  conditions	  of	  <24	   (the	   sum	  of	  Shh	  read	   counts,	  which	   is	  not	   expressed	   in	   the	  anterior	   two	   thirds	  of	  limb	  buds)	  were	  considered	  ‘not	  expressed’	  and	  were	  eliminated	  from	  further	  analysis.	  Differentially	   expressed	   (DE)	   genes	   between	   explants	   dosed	   with	   2,	   4	   or	   8nM	   Shh	  compared	  to	  control	  explants	  (0nM)	  at	  6,	  12	  or	  16	  hours	  were	  determined	  by	  one	  way	  ANOVA	  and	  Tukey’s	  Post-­‐hoc	  test	  using	  Microsoft	  Excel	  software.	  Genes	  with	  a	  P-­‐value	  ≤	  0.05	   were	   subsetted	   and	   listed	   in	   order	   of	   those	   exhibiting	   the	   greatest	   difference	  between	  explants	  dosed	  with	  2,	  4	  or	  8nM	  Shh	  and	  control	  explants	  at	  6,	  12	  or	  16	  hours.	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Table	  1|	  Primers	  used	  in	  qPCR	  and	  cloning.	  Cloning	  primers	  were	  used	  to	  isolate	  chick	  Foxc2,	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Gene	   clusters	   based	   on	   transcriptional	   profiles	  were	   generated	   using	   R	   programming	  language	   and	   statistical	   environment	   (R	   Development	   Core	   Team,	   2011).	   As	   before,	  genes	   with	   a	   sum	   read	   count	   across	   all	   conditions	   <24	   were	   eliminated.	   Remaining	  genes	   were	   subsetted	   on	   the	   similarity	   of	   their	   transcriptional	   profiles	   (expression	  levels	   at	   all	   time	   points	   and	   concentrations	   of	   Shh	   dosage)	   to	   either:	   Ptch1,	   Hoxd11,	  
Smoc1,	  Foxc2,	  Grem1	  or	  Alx-­‐4;	  or	  according	  to	  the	  time	  or	  concentration	  at	  which	  a	  peak	  response	   was	   exhibited	   namely:	   No	   Shh,	   6	   hours	   and	   2nM,	   12	   hours	   and	   4nM	   or	   16	  hours	   and	   8nM.	   Lists	   were	   ordered	   according	   to	   the	   greatest	   difference	   between	   the	  peak	  response	  and	  the	  minimum	  response.	  	  
Specifically,	   ‘profiles’	   subsetted	   genes	   that	   complied	   with	   the	   following	   criteria:	  “ptch1_like_fl”	  coded	  for	  A)	  induction	  by	  Shh	  at	  all	  concentrations	  and	  times,	  B)	  graded	  response	   at	   16hr,	   C)	   for	   there	   to	   be	   accumulation	   at	   8nM	   and	   4nM	   between	   6hr	   and	  16hr,D)	  For	  there	  to	  be	  a	  characteristic	  dip	  in	  2nM	  between	  12hr	  and	  16hr,	  E)	  for	  partial	  gradation	   (8nM	   greater	   than	   4nM	   or	   2nM)	   by	   12	   hours	   and	   F)	   Ordered	   by	   greatest	  induction	   by	   8nM	   at	   16hr.	   “hoxd_like_fl”	   coded	   for	   A)	   induction	   by	   Shh	   at	   all	  concentrations	   and	   times,	   B)	   specifies	   8nM	   is	   highest	   at	   16	   hours	   and	   C)	   ordered	   by	  greatest	  induction	  by	  8nM	  at	  16	  hours.	  	  
“foxc2_like_fl”	   and	   “foxc2_like_hl”	   coded	   for	   A)	   induction	   by	   Shh	   at	   all	   concentrations	  and	  times,	  B)	  a	  graded	  response	  at	  12	  hours	  and	  16	  hours	  and	  C)	  12	  hours	  (2nM,	  4nM	  and	   8nM)	   are	   higher	   response	   than	   at	   16	   hours	   (2nM,	   4nM	   and	   8nM),	  D)	   ordered	   by	  greatest	   induction	   by	   8nM	   at	   12	   hours.“smoc1_like_fl”	   and	   “smoc1_like_hl”	   coded	   for	  codes	   for	  A)	   induction	  by	  Shh	  at	  all	   concentrations	  and	  times,	  B)	  4nM	  shows	  the	  peak	  response	  at	  12	  hours	  and	  16	  hours	  C)	  ordered	  by	  greatest	  induction	  by	  4nM	  at	  16	  hours.	  
“twonm_like_fl”	  coded	   for	  A)	   induction	  by	  Shh	  at	  all	   concentrations	  and	   times,	  B)	  2nM	  highest	   at	   12	   hours	   and	   16	   hours	   C)	   ordered	   on	   greatest	   induction	   by	   2nM	   at	   16	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hours.“sixhour_like_fl”	   and	   “sixhour_like_hl”	   coded	   for	   	   for	   A)	   induction	   by	   Shh	   at	   all	  concentrations	  and	  times	  B)	  a	  graded	  response	  at	  12	  hours	  and	  16	  hours	  and	  C)	  6	  hours	  (2nM,	   4nM	   and	   8nM)	   are	   higher	   response	   than	   at	   16	   hours	   (2nM,	   4nM	   and	   8nM),	   D)	  ordered	  by	  greatest	  induction	  by	  8nM	  at	  6	  hours.	  “twonm_like_hl”	  and	  “twonm_like_hl”	  coded	   for	   A)	   induction	   by	   Shh	   at	   all	   concentrations	   and	   times,	   B)	   2nM	   highest	   at	   12	  hours	  and	  16	  hours	  C)	  ordered	  by	  greatest	  induction	  by	  2nM	  at	  16	  hours.“grem1_like_fl’	  and	   ‘grem1_like_hl”	   coded	   for	   	   for	   A)	   2nM	   highest	   at	   all	   time	   points	   B)	   ordered	   by	  greatest	  induction	  by	  2nM	  at	  12	  hours.	  “alx4_like_fl”	  and	  “alx4_like_hl”	  coded	  for	  A)	  0nM	  highest	  at	  12	  hours	  and	  16	  hours,	  B)	  that	  2nM	  is	  second	  highest	  at	  12	  hours	  C)	  a	  reverse	  graded	  response	  at	  16	  hours	  D)	  ordered	  by	  greatest	  repression	  by	  8nM	  at	  16	  hours.	  
“ptch1_like_hl”	  coded	  for	  A)	  induction	  by	  Shh	  at	  all	  concentrations	  and	  times,	  	  B)	  graded	  response	  at	  16hr,	  C)	  for	  there	  to	  be	  accumulation	  at	  all	  concetrations	  between	  6hr	  and	  12	   hrs	   D)	   for	   desensitisation	   between	   12hr	   to	   16hr	   in	   2,4	   and	   8nM	   E)	   for	   partial	  gradation	   (8nM	   greater	   than	   4nM	   or	   2nM)	   by	   12	   hours	   and	   F)	   ordered	   on	   greatest	  induction	   by	   8nM	   at	   16	   hours.	   “hoxd_like_hl”	   coded	   for	   A)	   induction	   by	   Shh	   at	   all	  concentrations	  and	  times.	  B)	  for	  a	  graded	  response	  at	  16h	  C)	  for	  desensitisation	  in	  2nM	  between	  12	  hours	  and	  16	  hours	  D)	  accumulation	  from	  6	  hours	  to	  16	  hours	  in	  2nM	  and	  4nM	  E)	  8nM	  is	  highest	  at	  12	  hours	  F)	  ordered	  on	  greatest	  induction	  by	  8nM	  at	  16	  hours.	  
2.11	  Chick	  in	  ovo	  electroporation	  
Stage	   HH14	   chick	   embryos	   were	   injected	   in	   ovo	   with	   100mg/ml	   of	   RNA	   duplexes,	  targeting	   chick	   Ptch1	  mRNA	   and	   chick	   Ptch2	  mRNA,	   1.25μg	   of	   pCMV-­‐DsRed-­‐Express	  vector	   (Clonetech)	   and	   0.5μl	   of	   Fast	   Green	   FCF	   dye	   (Sigma),	   at	   a	   final	   volume	   of	   4μl,	  targeting	  a	  cavity	  within	  the	  forelimb	  forming	  region.	  RNA	  duplexes	  were	  ordered	  in	  2’	  deprotected,	  annealed	  and	  desalted	  form	  (Option	  A4,	  Dharmacon).	  The	  RNA	  duplexes	  in	  this	   study	   are:	   cPtch1	  as	   previously	   described	   (Dessaud	   et	   al.,	   2007)	   and	   cPtch2	  siRN
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sense	   5’-­‐UCAAGGAGCUGCUGGAUAAUU-­‐3’.	   Embryos	   were	   immediately	  electroporated	   after	   injection,	   in	   ovo,	   using	   an	   Intracell	   TSS20	   electroporator	   at	  25V,	   with	   3	   pulses	   at	   a	   width	   of	   50ms	   separated	   by	   gaps	   of	   200ms.	   Eggs	   were	  resealed	   using	   clear	   tape	   (5	   Star	   Office)	   to	   prevent	   infection	   and	   drying-­‐out	   and	  were	  incubated	  again	  at	  37°C.	  Successfully	  targeted	  limb	  buds	  were	  identified	  using	  an	  Olympus	  MVX10	  microscope	  and	  an	  X-­‐Cite	  series	  120	   fluorescent	   light	  source.	  The	  anterior	  two-­‐thirds	  of	  successfully	  targeted	  forelimbs	  were	  harvested	  at	  stage	  HH18	   (approximately	   24	   hours	   after	   electroporation)	   and	   were	   cultured	   in	   the	  presence	  of	  0,	  2	  or	  8nM	  Shh	   for	  16	  hours,	  as	  above.	  A	  Plasmid	  DNA	  MaxiPrep	  Kit	  (Qiagen)	  was	  used	  according	  to	  the	  manufacturer’s	  instructions	  to	  obtain	  sufficient	  quantities	  and	  concentrations	  of	  plasmids	  for	  electroporation.	  	  
In	  the	  case	  of	  Smoc1	  misexpression	  experiments,	  stage	  HH14	  chick	  embryos	  were	  injected	  in	  ovo	  as	  stated	  above	  but	  with	  7.5μg	  pCMV-­‐(Mouse)Smoc1-­‐Sport6	  vector	  (Source	   Bioscience)	   in	   place	   of	   RNA	   duplexes.	   Embryos	   were	   immediately	  electroporated,	   in	   ovo,	   and	   re-­‐incubated	   as	   above	   but	   embryos	   that	   had	   been	  successfully	   targeted	   were	   incubated	   until	   stage	   HH36	   of	   development	   where	  possible.	  	  
2.12	  Cloning	  of	  chick	  genes	  
Partial	  cDNA	  sequences	  of	  chick	  Foxc2	  and	  Foxo6	  were	   isolated	  via	  PCR	  using	  the	  primers	  and	  PCR	  programs	  summarised	  (Tables,	  1-­‐2).	  cDNA	  generated	  from	  stage	  HH20	   whole	   chick	   embryos,	   was	   used	   as	   a	   template	   in	   all	   PCR	   reactions.	   All	  primers	   were	   designed	   to	   target	   cDNA	   sequences	   using	   Primer	   3	   program	  (Koressaar	  and	  Remm,	  2007;	  Untergasser	  et	   al.,	   2012)	  and	  had	  BamH1	  and	  Spe1	  restriction	  sites	  added	  to	  the	  5’	  ends	  of	  forward	  and	  reverse	  primers	  respectively,	  with	  an	  additional	  spacer	  sequence	  of	  GCG	  or	  GGC	  5’	  of	  restriction	  sites.	  Individual	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PCR	   protocols	   for	   each	   gene	   were	   designed	   using	   Optimase	   ProtocolWriter™	  (Transgenomic)	  (Table	  2).	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The	   Shh	  morphogen	   is	   responsible	   for	   establishing	   digit	   identities	   and	   the	   number	   of	  digits	   in	  vertebrate	   forelimbs	  and	  hindlimbs	  (Towers	  and	  Tickle,	  2009).	  However,	   it	   is	  not	  understood	  how	  the	  different	  morphologies	  of	  the	  forelimb	  and	  hindlimb	  (and	  in	  the	  chicken,	  the	  number	  of	  digits)	  arise	  from	  this	  common	  morphogenic	  input.	  It	  is	  possible	  that,	  differences	  in	  Shh	  signalling	  may	  exist	  between	  the	  respective	  limb	  buds	  and	  that	  these	  contribute	  to	  differences	  in	  morphological	  output.	  Hypothetical	  differences	  in	  Shh	  signalling	  in	  forelimb	  and	  hindlimb	  buds	  may	  arise	  from	  various	  sources.	  The	  simplest	  way	   this	  might	   be	   achieved	  would	  be	   through	  differences	   in	   levels	   of	   Shh	  morphogen	  produced	   in	   respective	   limb	   buds.	   However,	   differences	   in	   the	   size	   of	   limb	   buds,	   the	  range	  and	  rate	  of	  morphogen	  dispersion	  and	  the	  timing	  of	  morphogen	  production	  may	  also	   contribute	   to	   overall	   differences	   in	   Shh	   signalling	   dynamics.	   Moreover,	   intrinsic	  differences	  may	  exist	  in	  how	  forelimb	  and	  hindlimb	  cells	  respond	  to	  Shh	  signalling.	  	  
In	   this	   chapter,	   I	   have	   aimed	   to	   gain	   insight	   into	   these	   potential	   differences	   by	  investigating	   temporal,	   spatial	   and	   quantitative	   differences	   in	   Shh	   production,	   the	  response	   to	   Shh	   signalling	   and	   the	   size	   of	   respective	   morphogen	   fields.	   Whilst	   the	  methods	   I	   have	   used	   in	   this	   chapter	   have	   technical	   limitations	   and	   rely	   on	   certain	  assumptions,	   I	  have	  been	  able	   to	  demonstrate	  a	   temporal	  difference	   in	  Shh	  expression	  between	  the	  forelimb	  and	  hindlimb	  bud	  and	  apparent	  differences	  in	  the	  response	  of	  the	  respective	   limbs	   to	   Shh	   signalling.	  Whilst	   the	   size	   of	   Shh	   expression	   domains	   and	   the	  quantity	   of	   Shh	   produced	   in	   respective	   limbs	   appear	   to	   be	   remarkably	   similar	   during	  Shh	  patterning	  stages.	  	  
3.1	   The	   size	   of	   the	   hindlimb	   bud	  morphogen	   field	   is	   larger	   than	   the	  
forelimb	  bud	  throughout	  the	  period	  of	  Shh	  patterning	  activity	  
To	  begin	  to	  investigate	  differences	  in	  the	  expression	  of,	  and	  response	  to,	  Shh	  in	  chicken	  forelimb	   and	   hindlimb	   buds,	   I	   first	   compared	   the	   size	   of	   the	   respective	   limb	   buds.	   As	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morphogen	   fields	   –	   the	   space	   over	   which	   a	   morphogen	   acts-­‐	   differences	   in	   the	  respective	   sizes	   of	   forelimb	   and	   hindlimb	   buds	   during	   Shh	   patterning	   stages	   may	   be	  important	   in	   influencing	   the	   morphological	   outputs	   of	   Shh	   signalling.	   To	   begin	   to	  measure	  potential	  differences	  in	  the	  forelimb	  and	  hindlimb	  morphogen	  fields	  I	  focused	  on	  measuring	  the	  PD	  and	  AP	  axes	  of	  respective	  limbs.	  The	  Shh	  gradient	  is	  formed	  across	  the	  AP	  axis,	  whilst	  both	   the	  AP	  and	  PD	  axes	  grow	  considerably	  during	  Shh	  patterning.	  The	   DV	   axis,	   by	   comparison,	   is	   narrow	   and	   does	   not	   grow	   substantially	   during	   Shh	  patterning.	   It	   was	   thus	   considered	   negligible	   and	   was	   not	   considered	   in	   this	   initial	  analysis.	  	  
In	  chicken	  limb	  buds	  Shh	  patterning	  activity	  occurs	  over	  a	  16-­‐hour	  period	  (Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2011),	  which	  equates	  to	  a	  period	  ranging	  from	  stage	  HH18-­‐HH22.	  Accordingly,	  I	  measured	  the	  proximal-­‐distal	  (PD)	  axis,	  the	  anteroposterior	  (AP)	  axis	  and	  the	   AP-­‐PD	   area	   –	   as	   an	   estimate	   measure	   of	   overall	   limb	   bud	   size	   -­‐	   of	   forelimb	   and	  hindlimb	   buds	   from	   chicken	   embryos	   covering	   these	   stages	   and	   beyond	   up	   to	   stage	  HH26.	   	   I	   further	   attempted	   to	  measure	   the	  number	  of	   cells	   in	   respective	   limb	  buds	   at	  these	  stages	  to	  examine	  potential	  differences	  in	  the	  cellular	  density	  of	  morphogen	  fields,	  which	  may	  affect	  rates	  of	  morphogen	  dispersion.	  	  
As	  expected,	   the	  PD	  axis	  of	   forelimb	  and	  hindlimb	  buds,	  measured	  at	  the	  widest	  point,	  increased	  between	  stages	  HH18-­‐HH26,	  from	  400μM	  to	  1750μM	  (Fig.	  5A).	  The	  PD	  axis	  of	  hindlimbs	  was	  greater	   than	   that	  of	   forelimbs	   from	  stage	  HH19	  onwards,	  although	   this	  was	  not	  pronounced	  until	  after	  Shh	  patterning	  stages	  (Fig.	  5A).	  The	  AP	  axis	  of	  forelimb	  and	  hindlimb	  buds,	  at	  a	  central	  PD	  position,	  also	  increased	  between	  stages	  HH18-­‐HH26,	  from	   approximately	   900μM	   to	   12000μM	   (Fig.	   5B).	   The	   AP	   axis	   of	   limb	   buds	   showed	  small	  but	  continual	  growth	  during	  Shh	  patterning	  stages,	  before	  larger	  increases	  at	  stage	  HH26	  as	  limb	  buds	  expanded	  to	  form	  hand/footplates	  (Fig.	  5B).	  The	  AP	  axes	  of	  hindlimb	  buds	  were	  wider	  than	  in	  forelimb	  buds	  from	  stage	  HH20	  onwards,	  as	  the	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Figure	  5	  |	  Comparison	  of	  the	  size	  and	  cell	  number	  of	  chicken	  forelimb	  and	  hindlimb	  buds	  
during	   Shh	   patterning	   stages.	   (A-­‐B)	   Lengths	   of	   the	   proximo-­‐distal	   (PD)	   (A)	   and	   antero-­‐posterior	   (AP)	   (B)	   axes	   of	   chicken	   forelimb	   (blue)	   and	   hindlimb	   (red)	   buds	   at	   indicated	  Hamburger	   and	   Hamilton	   (HH)	   stages	   of	   development	   (Hamburger	   and	   Hamilton,	   1953)	   ,	  measured	   using	   ImageJ64	   software	   (Rasband	   et	   al.	   1997-­‐2007)	   (n=3).	   (C)	   Antero-­‐posterior-­‐proximo-­‐distal	   (AP-­‐PD)	   areas	   of	   chicken	   forelimb(blue)	   and	   hindlimb	   (red)	   buds	   at	   indicated	  stages,	  measured	  using	  ImageJ64	  software	  (n=3).	  (D)	  Number	  of	  cells	  in	  chicken	  forelimb	  (blue)	  and	   hindlimb	   (red)	   buds	   at	   indicated	   stages,	   as	   measured	   by	   hemocytometer	   (n=3	   biological	  repeats	  of	  6	  limbs).	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posterior	   margin	   of	   the	   hindlimb	   bud	   expanded	   more	   than	   the	   forelimb	   and	   the	  footplate	   became	   distinguished	   at	   an	   earlier	   stage	   than	   the	   handplate	   (Fig.5B,	   Fig.6).	  Again,	   substantial	   differences	   between	   limb	   buds	   were	   not	   observed	   until	   after	   Shh	  patterning	  stages.	  	  
Although	  the	  maximum	  extent	  of	  PD	  and	  AP	  axes	  were	  similar	  in	  forelimb	  and	  hindlimb	  buds	   during	   Shh	   patterning	   stages,	   it	   was	   possible	   the	   total	   AP-­‐PD	   area	   showed	   a	  greater	  difference	  between	  respective	  limb	  buds.	  To	  estimate	  the	  total	  size	  of	  respective	  morphogen	   fields,	   I	   used	   ImageJ64	   software	   to	   calculate	   the	   AP-­‐PD	   area	   of	   images	   of	  chicken	  forelimb	  and	  hindlimb	  buds.	  As	  with	  individual	  PD	  and	  AP	  axes	  measurements,	  the	   total	   AP-­‐PD	   area	   of	   hindlimb	   buds	   was	   slightly	   larger	   than	   that	   of	   forelimb	   buds	  from	  stage	  HH20	  onwards,	  but	  this	  difference	  was	  minor	  during	  Shh	  patterning	  stages,	  before	  becoming	  more	  pronounced	  from	  stage	  HH24	  (Fig.	  5C).	  	  
The	   number	   of	   cells	   in	   forelimb	   and	   hindlimb	   buds	   also	   increased	   over	   time,	   from	  approximately	  1.5x105	  cells	  in	  stage	  HH18	  limb	  buds,	  to	  1x106	  cells	  at	  stage	  HH24.	  Cell	  numbers	  were	  approximately	  equal	  in	  respective	  limbs	  between	  stages	  HH18-­‐HH22,	  but	  hindlimbs	  exhibited	  a	  greater	  number	  of	  cells	  at	  stage	  HH24	  (Fig.	  5D).	  Collectively,	  these	  results	   demonstrate	   the	   hindlimb	  morphogen	   field	   is	  minimally,	   though	   reproducibly,	  larger	   than	   the	   forelimb	   during	   Shh	   patterning	   stages	   but	   only	   becomes	   considerably	  larger	   from	   stage	  HH24	   onwards.	   The	   number	   of	   cells	   in	   forelimb	   and	   hindlimb	   buds	  was	  not	  detectably	  different	  during	  Shh	  patterning	  stages.	  	  
3.2	  Shh	  is	  expressed	  for	  a	  shorter	  period	  of	  time	  in	  hindlimb	  buds	  than	  
in	  forelimb	  buds	  
After	  establishing	  only	  minor	  differences	  exist	   in	  the	  size	  of	  the	  forelimb	  and	  hindlimb	  bud	   morphogen	   fields	   during	   Shh	   patterning	   stages,	   I	   next	   aimed	   to	   determine	   if	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differences	   existed	   in	   the	   amount	   of	   Shh	   that	   is	   present	   in	   the	   respective	   limb	   buds.	  	  Currently,	   there	   is	   no	   reliable	   commercially	   available	   antibody	   that	   targets	   either	  chicken	   or	   mouse	   Shh,	   but	   mice	   have	   been	   generated	   that	   produce	   bioactive,	  fluorescently	  (GFP)	  labelled	  Shh	  from	  the	  endogenous	  locus	  (Chamberlain	  et	  al.,	  2008).	  However,	   fluorescent	   signal	   in	   the	   limbs	   of	   such	   mice	   was	   too	   weak	   to	   attempt	   to	  quantify	   (data	   not	   shown).	   Thus,	   to	   begin	   to	   analyse	   potential	   temporal	   and	   spatial	  differences	  in	  the	  production	  of	  Shh	  in	  forelimbs	  and	  hindlimbs,	  I	  used	  whole	  mount	  in	  
situ	  hybridisation	   to	   examine	   the	   levels	   of	   Shh	   transcripts	   in	   respective	   limb	   buds	   of	  chicken	  embryos,	  which	   could	  directly	   affect	   levels	  of	  protein	   (Fig.	   6).	   I	   examined	  Shh	  expression	   at	   a	   range	   of	   stages	   from	   HH18-­‐HH26	   covering	   the	   known	   period	   of	   Shh	  expression	   in	   chicken	   limb	  buds	   (Pearse	   et	   al.,	   2001;	  Riddle	   et	   al.,	   1993;	   Scherz	   et	   al.,	  2007;	   Towers	   et	   al.,	   2011).	   This	   analysis	   however	   is	   unable	   to	   identify	   any	   post-­‐transcriptional	  differences	  that	  may	  exist.	  	  
Forelimb	   buds	   displayed	   an	   earlier	   onset	   of	   Shh	  expression,	   which	   was	   detectable	   at	  stage	  HH18	   in	   forelimbs,	  but	  not	  until	   stage	  HH19	   in	  hindlimb	  buds	   (Fig.	  6).	  Although	  the	   initial	   outgrowth	   of	   the	   chicken	   hindlimb	  bud	   is	   slightly	   delayed	   compared	   to	   the	  forelimb,	   it	   is	   approximately	   equal	   in	   size	   by	   stage	   HH18	   (Hamburger	   and	   Hamilton,	  1951,	  Fig.	  5C).	  Thus	  a	  delay	  in	  the	  onset	  of	  Shh	  expression	  in	  the	  chicken	  hindlimb	  exists	  that	  is	  not	  a	  direct	  consequence	  of	  the	  heterochrony	  in	  outgrowth.	  Shh	  expression	  also	  terminated	  sooner	  in	  chicken	  hindlimbs.	  	  At	  stage	  HH26,	  Shh	  expression	  was	  restricted	  to	   the	   most	   posterior	   edge	   of	   the	   hindlimb,	   but	   was	   still	   broadly	   expressed	   in	   the	  forelimb	  (Fig.	  6).	  	  
To	   begin	   to	   examine	   potential	   temporal,	   spatial	   and	   quantitative	   differences	   in	   the	  response	   of	   limb	   progenitors	   to	   the	   Shh	  morphogen	   I	   also	   used	   whole	   mount	   in	   situ	  hybridisation	  to	  examine	  Gli1	  and	  Ptch2	  expression	  domains	  in	  the	  respective	  limb	  buds	  of	  chicken	  embryos	  (Fig.	  6).	  This	  further	  served	  as	  a	  direct	  readout	  of	  active	  Shh	  protein	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Figure	   6|	   Temporal	   expression	   profiles	   of	   Shh,	   Gli1	   and	   Ptch2	   in	   chick	   forelimb	   and	  
hindlimb	  buds.	  Whole	  mount	  in	  situ	  hybridisations	  of	  chicken	  forelimb	  and	  hindlimb	  buds	  at	  the	  indicated	   stages	   of	   development,	   targeting	   Shh,	   Gli1	   and	   Ptch2.	  Note	   the	   lack	   of	   Shh,	   Gli1	   and	  
Ptch2	  expression	   in	  stage	  HH18	  hindlimbs	  (black	  arrows)	  and	  earlier	  downregulation	  of	  Shh	  in	  stage	  HH26	  hindlimbs	  (white	  arrow).	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levels.	  Gli1	  and	  Ptch2	  expression	  was	  robust	  in	  stage	  HH18	  forelimbs,	  but	  absent,	  or	  just	  beginning	  to	  be	  expressed	  in	  HH18	  hindlimbs,	  consistent	  with	  a	  delay	  in	  the	  onset	  of	  Shh	  expression	   in	   hindlimb	   buds.	   Gli1	   and	   Ptch2	   expression	   also	   diminished	   sooner	   in	  chicken	  hindlimbs.	  At	  stage	  HH21-­‐HH22,	  an	  area	  that	  lacked	  Gli1,	  and	  particularly	  Ptch2,	  expression	  was	  observed	  within	  the	  Shh	  expressing	  domain	  of	  chicken	  hindlimbs.	  This	  was	  increasingly	  digit-­‐like	   in	  shape	  and	  may	  represent	  a	  condensation	  of	  cells	   forming	  the	  posterior	  most	  digit	  in	  these	  limb	  buds.	  Interestingly,	  such	  an	  area	  was	  not	  observed	  until	  stage	  HH24	  in	  forelimbs.	  This	  may	  suggest	  the	  most	  posterior	  digit	  of	  the	  forelimb	  condenses	   later	   than	   that	   of	   the	   hindlimb,	   though	   further	   evidence	   is	   required	   to	  confirm	  the	  absence	  of	  Gli1/Ptch2	  expression	  coincides	  with	  a	  digit	  condensation.	  	  
3.3	   Endogenous	   expression	   profiles	   of	   Shh,	   Ptch1	   and	  Gli1	   at	   stages	  
HH17-­‐HH24	  
Whole	  mount	  in	  situ	  hybridisation	  provided	  temporal	  and	  spatial	  data	  on	  the	  expression	  of	   Shh	   and	   transcriptional	   targets	   of	   Shh	   (Fig.	   6).	   To	   gain	   insight	   into	   potential	  quantitative	   differences	   in	   the	   levels	   of	  Shh	   transcripts	   produced	   by	   limb	  buds	   I	   used	  quantitative	   PCR	   (qPCR)	   to	   determine	   the	   endogenous	   levels	   of	   Shh,	   Gli1	   and	   Ptch1	  transcripts	   in	   the	   posterior	   thirds	   of	   chicken	   forelimb	   and	   hindlimb	   buds,	   at	   all	  developmental	  stages	  between	  HH17-­‐HH24	  (Fig.	  7A).	  The	  posterior	  third	  encompassed	  
Shh	  expressing	  cells	  and	  cells	  adjacent	  to	  the	  Shh	  expressing	  domain	  (Fig.	  7A).	  	  
Shh	  was	   not	   detected	   in	   stage	   HH17	   limb	   buds,	   but	   was	   detected	   at	   constant	   levels	  during	   Shh	   patterning	   stages,	   HH18-­‐HH22,	   in	   both	   forelimb	   and	   hindlimb	   buds,	  although	   there	   was	   a	   noticeable	   dip	   at	   stage	   HH19	   in	   both	   limb	   buds	   (Fig.	   7B).	   No	  significant	  difference	  in	  the	  levels	  of	  Shh	  was	  detected	  between	  respective	  limb	  buds	  at	  these	   stages	   (Fig.	   7B).	   An	   apparent	   sharp	   increase	   in	  Shh	  expression	  was	   observed	   in	  
Chapter	  3:	  Results	  I	  
	   76	  
both	   forelimb	   and	   hindlimb	   buds	   at	   stage	   HH24,	   with	   hindlimb	   buds	   exhibiting	   a	  significantly	   higher	   level	   of	   expression	   compared	   to	   forelimbs	   (Fig.	   7B).	   This	   analysis	  indicates	  that	  there	  is	  no	  difference	  in	  the	  levels	  of	  Shh	  transcripts	  between	  forelimb	  and	  hindlimb	   buds	   during	   patterning	   stages.	   To	   gain	   further	   insight	   into	   potential	  differences	   in	   the	   levels	  of	  Shh	  protein	   I	  again	  sought	   to	  determine	  the	   levels	  of	  direct	  transcriptional	  readouts,	  Gli1	  and	  Ptch1.	  
Basal	  expression	  of	  Gli1	  and	  Ptch1	  was	  detected	  in	  HH17	  forelimbs	  and	  hindlimbs.	  HH18	  forelimbs	  and	  hindlimbs	  showed	  a	  3-­‐fold	  increase	  in	  Gli1	  and	  Ptch1	  transcripts	  relative	  to	  expression	  in	  HH17	  limbs,	  indicating	  a	  response	  to	  endogenous	  Shh	  expression	  (Fig.	  7C,D).	  An	  apparent	  decrease	   in	   target	   transcripts	  was	  observed	   in	  HH19	   forelimb	  and	  hindlimb	   buds	   compared	   to	   HH18	   limb	   buds,	   consistent	   with	   an	   apparent	   dip	   in	   Shh	  expression	  at	  this	  stage.	  Unlike	  levels	  of	  Shh,	  which	  remained	  constant,	  levels	  of	  Gli1	  and	  
Ptch1	  transcripts	  steadily	  increased	  in	  both	  limb	  types	  between	  stages	  HH19	  and	  HH22,	  suggesting	   an	   accumulation	   of	   response	   to	   Shh	   signalling.	   Conversely,	   Ptch1	  and	   Gli1	  expression	   plateaued	   or	   dipped	   at	   the	   stage	   Shh	   expression	   peaked,	   suggesting	   a	  desensitisation	   to	   Shh	   signalling.	  Ptch1	  expression	  reached	  a	  peak	   in	   stage	  HH22	   limb	  buds,	  representing	  a	  4-­‐fold	  increase	  in	  expression	  relative	  to	  stage	  HH17	  limb	  buds,	  but	  decreased	   in	  stage	  HH24	   limbs.	  Gli1	  expression	  continued	   to	  rise	  up	   to	  stage	  HH24,	  at	  which	   stage	   slightly	   higher	   levels	  were	  detected	   in	  hindlimb	  buds	   (Fig.	   7C,D).	  Overall,	  detected	  levels	  of	  Gli1	  and	  Ptch1	  transcripts	  were	  not	  significantly	  different	  in	  forelimbs	  and	  hindlimbs	  at	  all	  stages	  measured,	  suggesting	  no	  detectable	  difference	  in	  the	  levels	  of	  endogenous	   response	   to	   Shh	   signalling	   in	   the	   respective	   limb	  buds	  during	   this	   period	  (Fig.	  7C,D).	  This	  was	  consistent	  with	  data	  that	  suggests	  there	  is	  no	  difference	  in	  the	  level	  of	  Shh	  expression	  during	  this	  period	  (Fig.	  7B).	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Figure	  7|	  Comparison	  of	  endogenous	  expression	  profiles	  of	  Shh,	  Ptch1	  and	  Gli1	  in	  chicken	  
forelimb	   and	   hindlimb	   buds	   (A)	   Schematic	   diagram.	   Posterior-­‐distal	   thirds	   of	   limb	   buds	  harvested	  from	  chick	  embryos	  at	  various	  stages,	  during	  the	  period	  of	  endogenous	  Shh	  expression	  in	   limb	  buds.	  The	  domain	  of	  Shh	  expressing	   cells	   (blue)	   expands	  between	  HH18-­‐HH24.	  Dotted	  lines	   represent	   approximate	   areas	   dissected	   for	   analysis.	   Numbers	   denote	   Hamburger	   and	  Hamilton	   stages	   (HH)	   of	   chicken	   development.	   (B-­‐D)	   Temporal	   expression	   profiles	   of	   Shh	   (B),	  
Gli1(C)	   and	   Ptch1(D)	   transcripts	   in	   the	   posterior	   thirds	   of	   chicken	   forelimb	   buds	   (blue)	   and	  hindlimb	  buds	  (red)	  at	  indicated	  stages,	  as	  measured	  by	  quantitative	  PCR	  analysis	  (Mean	  ±SEM,	  n=2	  samples	  of	  3	  dissected	  limb	  buds).	  In	  all	  samples,	  levels	  of	  Shh,	  Gli1	  and	  Ptch1	  transcripts	  are	  normalised	  to	  levels	  of	  Gapdh	  transcripts.	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3.4	  The	  relative	  size	  of	  the	  Shh	  expressing	  domain	  of	  forelimb	  buds	  is	  
larger	  than	  that	  of	  hindlimb	  buds	  during	  Shh	  patterning	  stages	  
To	   compliment	   the	   experiments	   described	   above,	   I	   also	   developed	   an	   alternative	  method	  of	  measuring	  potential	  spatial	  and	  quantitative	  differences	  in	  the	  expression	  of	  
Shh	  and	  Shh	  transcriptional	  targets	  in	  chicken	  limb	  buds.	  I	  measured	  the	  AP-­‐PD	  area	  of	  images	   of	   the	   Shh	  expressing	   domain	   of	   forelimb	   and	   hindlimb	   buds,	   using	   ImageJ64	  (Rasband,	  2008)	   to	  give	  an	  estimation	  of	   the	  number	  of	   cells	  expressing	  Shh	  in	  a	   limb	  bud	   (Fig.8	   A).	   The	   number	   of	   cells	   expressing	   Shh	   may	   reflect	   the	   amount	   of	   Shh	  morphogen	   produced	   by	   respective	   limb	   buds.	   This	   method	   relies	   on	   assumptions,	  which	  are	  reviewed	  in	  discussion	  section	  6.1.	  	  
The	   size	   of	   Shh	   expressing	   domains	   of	   both	   forelimb	   and	   hindlimb	   buds	   increased	  between	   stages	   HH18-­‐HH21	   (Fig.	   8C).	   In	   forelimbs,	   the	   size	   of	   the	   Shh	   expressing	  domain	   remained	   consistent	   between	   stages	   HH21-­‐HH26.	   In	   contrast,	   the	   Shh	  expressing	  domain	  of	  hindlimbs	  increased	  in	  stage	  HH24	  hindlimb	  buds,	  before	  sharply	  decreasing	  in	  HH26	  hindlimbs	  (Fig.	  8C).	  There	  was	  no	  measurable	  difference	  in	  the	  size	  of	   the	   Shh	   expressing	   domain	   in	   forelimb	   and	   hindlimb	   buds	   between	   stages	   HH18-­‐HH22.	  At	  stage	  HH24,	  the	  Shh	  expressing	  domain	  of	  hindlimb	  buds	  was	  greater	  than	  that	  of	  forelimbs,	  again	  consistent	  with	  qPCR	  analysis	  (Fig.	  7),	  but	  this	  was	  reversed	  by	  stage	  HH26	  as	  Shh	  expression	  is	  terminated	  sooner	  in	  hindlimb	  buds.	  	  
Differences	  in	  the	  size	  of	  the	  morphogen	  producing	  area	  between	  limb	  buds	  at	  different	  stages	   of	   development	   or	   between	   different	   limb-­‐types	   may	   be	   consequent	   of	  differences	  in	  the	  overall	  size	  of	  limb	  buds	  and	  may	  not	  necessarily	  reflect	  differences	  in	  the	   levels	   of	   Shh	   signalling.	   To	   measure	   increases	   in	   the	   size	   of	   the	   Shh	   expressing	  domain	  relative	   to	   increases	   in	  size	  of	   the	  morphogen	   field	  –	  which	  may	  better	  reflect	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differences	  in	  levels	  of	  Shh	  signalling	  -­‐	  I	  normalised	  AP-­‐PD	  areas	  of	  ZPAs	  to	  the	  overall	  AP-­‐PD	  area	  of	  corresponding	  limb	  buds.	  	  
After	   the	   initial	   delay	   in	   onset	   of	   Shh	   expression	   in	   the	   hindlimb,	   normalised	   Shh	  domains	  in	  hindlimb	  buds	  were	  slightly	  smaller	  than	  in	  forelimb	  buds	  during	  patterning	  stages	  HH19-­‐HH22.	  Normalised	  Shh	  domain	  sizes	  peaked	  at	  stage	  HH21	   in	  both	   limbs,	  coinciding	  with	  the	  known	  period	  of	  Shh	  patterning	  activity	  in	  limb	  buds	  (Scherz	  et	  al.,	  2007;	   Towers	   et	   al.,	   2011).	   A	   gradual	   decrease	   in	   normalised	   Shh	   domain	   size	   was	  observed	   in	   forelimb	   and	   hindlimb	   buds	   between	   stages	   HH21-­‐HH26.	   Interestingly,	   a	  decrease	   in	  the	  normalised	  Shh	  domain	  size	  was	  observed	  in	  stage	  HH19	  forelimb	  and	  hindlimbs	  compared	  to	  limb	  buds	  at	  stage	  HH18.	  This	  was	  consistent	  with	  an	  apparent	  dip	  in	  Shh,	  Gli1	  and	  Ptch1	  expression	  measured	  at	  this	  stage	  by	  qPCR.	  	  
Collectively,	  these	  results	  suggest	  the	  level	  of	  Shh	  signalling	  experienced	  by	  the	  forelimb	  and	  hindlimb	  bud	  morphogen	  fields	  is	  maximal	  at	  stage	  HH21,	  and	  that	  a	  slightly	  greater	  proportion	   of	   forelimb	   progenitors	   may	   be	   exposed	   to	   Shh	   signalling	   than	   hindlimb	  progenitors.	  However,	  it	  is	  unclear	  if	  this	  would	  make	  a	  significant	  impact	  to	  subsequent	  morphologies.	  	  
3.5	   The	   relative	   size	   of	   the	   Shh	   response	   domain	   of	   forelimb	   buds	   is	  
larger	  than	  that	  of	  hindlimb	  buds	  during	  Shh	  patterning	  stages	  
It	   is	  uncertain	  how	  Shh	   is	  dispersed	  through	  the	   limb	  bud	  morphogen	  field	  (Briscoe	  &	  Thérond	  2013,	  discussed	  in	  introduction	  section	  1.2).	  However,	  it	  is	  possible	  to	  estimate	  the	   extent	   of	   Shh	   morphogen	   dispersion	   by	   measuring	   the	   expression	   of	   Shh	  transcriptional	   targets.	  Gli1	  and	  Ptch2	  are	  direct	  read	  outs	  of	  Shh	  signalling	  (Marigo	  et	  al.,	   1996a;	   Marigo	   et	   al.,	   1996b;	   Pearse	   et	   al.,	   2001).	   To	   begin	   to	   examine	   potential	  differences	  in	  the	  range	  of	  Shh	  morphogen	  dispersion	  between	  forelimb	  and	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Figure	   8	   |	   Comparison	   of	   Shh	   and	   Ptch2	   expression	   domains	   in	   chicken	   forelimb	   and	  
hindlimb	   buds.	   (A,	   D)	   Examples.	  Whole	   limb	  domains	   and	  Shh	  or	  Ptch2	  expressing	  domains	  were	   quantified	   using	   ImageJ64	   (Rasband	   et	   al.	   1997-­‐2007).	   (B,	   E)	   Quantified	   Shh	  expression	  domains	   (B),	   and	  Ptch2	  expression	  domains	  (E),	   of	   chicken	   forelimb	   (blue)	   and	  hindlimb	   (red)	  buds	  at	  designated	  HH	  stages	  of	  development,	  as	  measured	  using	  ImajeJ64	  (n=3).	  (C,	  F)	  Relative	  sizes	  of	  Shh	  expression	  domains	  (C)	  and	  Ptch2	  expression	  domains	  (F)	  in	  chicken	  forelimb	  (blue)	  and	  hindlimb	  (red)	  buds	  at	  designated	  stages	  as	  a	  proportion	  of	  whole	  limb	  buds	  (n=3).	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hindlimb	  buds,	   I	  used	   in	  situ	   hybridisation	   to	  examine	   the	  expression	  domains	  of	  
Ptch2,	  as	  this	  produced	  the	  clearest	  in	  situ	  patterns.	  
The	   size	  of	   the	  Ptch2	  expression	  domain	   increased	   in	   size	  between	   stages	  HH18-­‐HH21,	  in	  both	  forelimbs	  and	  hindlimbs.	  Between	  stage	  HH21	  and	  stage	  HH22,	  the	  
Ptch2	   expression	   domain	   plateaued	   in	   both	   limb	   buds,	   before	   increasing	   again	  considerably	  at	  stages	  HH24-­‐HH26.	  The	  size	  of	  the	  domain	  was	  larger	  in	  forelimb	  buds	   compared	   to	   hindlimb	   buds	   at	   stages	  HH18	   and	   stage	  HH26,	   but	   similar	   in	  respective	   limb	   buds	   at	   all	   other	   stages	   measured.	   As	   with	   normalised	   Shh	  domains,	   normalised	   Ptch2	   expression	   domains	   occupied	   a	   slightly	   greater	  percentage	  of	  the	  forelimb	  bud	  than	  in	  hindlimb	  buds	  during	  Shh	  patterning	  stages	  (Fig.	  8F).	  An	  initial	  peak	  in	  the	  normalised	  Ptch2	  expression	  domain	  was	  observed	  at	   stage	  HH21,	   before	   a	   second	   peak	   at	   stage	  HH26,	   in	   forelimb	   and	   stage	  HH24	  hindlimb	   buds	   (Fig.	   8F).	   This	   initial	   peak	   was	   consistent	   with	   a	   similar	   peak	  observed	   in	   the	  normalised	  Shh	  expression	  domain	   at	   this	   stage	   (Fig.	   8C).	  Whilst	  
Ptch2	  expression	  domains	  were	  similar	  between	   forelimb	  and	  hindlimb	  buds,	   the	  shape	  of	  the	  response	  domains	  were	  different,	  reflecting	  differences	  in	  the	  shape	  of	  the	   respective	   morphogen	   fields	   and	   possible	   early	   digit	   condensation	   in	   the	  hindlimb	  (Fig.	  8D).	  	  
Taken	   together,	   the	   results	   in	   this	   chapter	   demonstrate	   that	   the	   hindlimb	   bud	   is	  slightly	   larger	   than	   the	   forelimb	   during	   Shh	   patterning	   stages	   but	   no	   detectable	  difference	  exists	   in	  the	  levels	  of	  Shh,	  Gli1	  and	  Ptch1	  transcripts,	  or	  the	  AP-­‐PD	  area	  of	   Shh	  and	  Ptch2	  expression	   domains	   of	   forelimb	   and	   hindlimb	   buds	   during	   this	  period.	  Normalised	  Shh	  and	  Pthc2	  expression	  domains	  appear	  minimally	   larger	   in	  forelimbs	  reflecting	  the	   larger	  size	  of	   the	  hindlimb	  bud,	  but	   the	  equivalent	  size	  of	  
Shh	   and	   Ptch2	   expression	   domains	   (Fig.	   8C,	   F).	   A	   delay	   in	   the	   onset	   of	   Shh	  expression	  in	  the	  hindlimb	  is	  more	  clearly	  demonstrated	  and	  furthermore,	  a	  more	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rapid	  termination	  of	  Shh	  expression	  (Fig.	  6).	  Moreover,	  an	  earlier	  desensitisation	  to	  Shh	   is	   apparent	   in	   the	   hindlimb,	   as	   shown	   by	   the	   earlier	   condensation	   of	   a	  posterior	  digit,	  which	  indicates	  differential	  responses	  to	  equivalent	  Shh	  exposures	  may	   exist	   between	   forelimb	   and	   hindlimb	   buds	   (Fig.	   6).	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Previous	   studies	   have	   demonstrated	   that	   exposing	   limb	   buds	   to	   different	  concentrations	   of	   Shh	   or	   durations	   of	   Shh	   signalling	   can	   alter	   the	   number	   and	  identity	  of	  digits	  that	  subsequently	  develop	  (Harfe	  et	  al.,	  2004;	  Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2011;	  Yang	  et	  al.,	  1997;	  Zhu	  et	  al.,	  2008).	  However,	  it	  is	  unclear	  how	  this	  is	  instructed	  at	  a	  molecular	  and	  cellular	  level	  during	  the	  relatively	  short	  period	  that	  Shh	  patterning	  activity	  has	  been	  shown	  to	  operate	  within	  (Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2011).	  In	  this	  chapter,	  I	  describe	  the	  development	  of	  an	  ex	  vivo	  assay	  –	  the	  first	  of	  such,	  to	  the	  authors	  knowledge,	  for	  culturing	  limb	  tissue	  (see	  Materials	  and	  Methods)	   -­‐	   and	   use	   RNA	   sequencing	   (RNAseq)	   to	   investigate	   the	   immediate	  transcriptional	  response	  of	   limb	  bud	  cells	   to	  different	  Shh	  conditions.	   I	  show	  that	  limb	  progenitors	   initially	   respond	   equivalently	   to	   different	   concentrations	   of	   Shh	  but	  establish	  a	  non-­‐linear	  graded	  response	  to	  Shh	  over	  time	  through	  a	  variation	  of	  a	  temporal	  adaptation	  mechanism.	  I	  provide	  evidence	  that	  this	  may	  be	  required	  for	  correct	  interpretation	  of	  graded	  Shh	  signalling.	  I	  further	  interrogate	  RNAseq	  results	  to	   uncover	   cell-­‐autonomous	   and	   noncell-­‐autonomous	   negative	   feedback	  mechanisms,	  which	  appear	  to	  contribute	  to	  signal	  desensitisation	  to	  Shh	  signalling	  that	   is	   observed	   in	   limb	   progenitors.	   Finally,	   the	   results	   of	   chapter	   3	   suggested	  there	   may	   be	   a	   difference	   in	   the	   response	   of	   forelimb	   and	   hindlimb	   cells	   to	  equivalent	   Shh	   signalling.	   I	   therefore	   also	   investigated	   how	   hindlimb	   explants	  respond	   to	   different	   Shh	   treatments	   to	   compare	   to	   the	   response	   of	   forelimb	  explants.	  	  
4.1	   Dissociated	   limb	   bud	   cells	   exhibit	   a	   limited	   and	   inconsistent	  
response	  to	  exogenous	  Shh	  
To	   investigate	   the	   immediate	   transcriptional	   responses	   of	   chicken	   forelimb	   and	  hindlimb	  cells	  to	  different	  levels	  of	  Shh	  signalling,	  I	  first	  attempted	  to	  establish	  an	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in	   vitro	   assay.	   Limb	   progenitor	   cells	   were	   harvested	   from	   chicken	   forelimb	   and	  hindlimb	   buds	   and	   were	   dissociated	   and	   cultured	   in	   vitro	   with	   a	   range	   of	  recombinant	  Shh	  concentrations,	   for	  different	   lengths	  of	  time	  (Fig.	  9A).	  To	  ensure	  cells	   had	   not	   been	   previously	   exposed	   to	   Shh	   but	  were	   competent	   to	   respond	   to	  Shh	  signalling	  –	  so	  called,	  Shh	  naïve	  -­‐	  limb	  progenitors	  were	  harvested	  immediately	  prior	  to	  the	  onset	  of	  endogenous	  Shh	  expression	  at	  stage	  HH18	  (Fig.	  9A)	  (Riddle	  et	  al.,	   1993).	   To	   ensure	   progenitors	   would	   not	   express	   Shh	   themselves	   during	   the	  culture	  period,	  I	  harvested	  cells	  from	  the	  anterior	  two	  thirds	  of	  limb	  buds	  to	  avoid	  inclusion	  of	  cells	  from	  the	  ZPA	  (Fig.	  9A).	  To	  avoid	  exposure	  to	  a	  complex	  mixture	  of	  signalling	   molecules	   present	   in	   serum,	   which	   may	   mask	   cell	   responses	   to	   Shh,	  dissociated	   limb	   cells	   were	   cultured	   in	   serum	   free	   conditions	   (see	   material	   and	  methods).	  Cells	  were	  seeded	  in	  a	  monolayer,	  to	  ensure	  all	  cells	  would	  be	  uniformly	  dosed	  with	  Shh.	  	  
To	   attempt	   to	   replicate	   physiologically	   relevant	   dosages	   of	   Shh,	   appropriate	   Shh	  concentrations	   and	   culture	   durations	   were	   deduced	   from	   previous	   studies.	   The	  endogenous	  concentration	  of	  Shh	  protein	  that	  is	  present	  in	  either	  limb	  bud	  has	  not	  been	  determined.	  For	  this	  series	  of	  experiments,	  I	  used	  a	  concentration	  range	  of	  0-­‐4nM	   Shh,	   as	   this	   range	   has	   been	   demonstrated	   to	   elicit	   the	   full	   range	   of	   dorsal-­‐ventral	   (DV)	  cell	   fates	   in	  chicken	  neural	   tube	  explants	   (Dessaud	  et	  al.,	  2007).	  The	  affects	   of	   Shh	   on	   anteroposterior	   limb	   patterning	   are	   completed	   in	   an	  approximately	   16-­‐hour	   period,	   corresponding	   to	   stages	   HH18-­‐22.	   When	   Shh	  signalling	   is	   totally	   inactivated	   by	   cyclopamine	   after	   16	   hours,	   a	   normally	  patterned,	  though	  smaller	  than	  normal,	  limb	  is	  formed	  (Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2011).	  Dissociated	  limb	  progenitors	  were	  therefore	  cultured	  in	  the	  presence	  of	  0-­‐4nM	  Shh	  for	  3,	  6	  or	  15	  hours	  to	  reflect	  endogenous	  conditions	  of	  Shh	  signalling	  in	  developing	  limb	  buds	  (Fig.	  10A).	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Figure	   9|	   Dissociated	   forelimb	   and	   hindlimb	   progenitors	   exhibit	   a	   low	   level	   and	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Gli1	  and	  Ptch1	  are	  direct	  transcriptional	  read	  outs	  of	  Shh	  signalling	  (Marigo	  et	  al.,	  1996a;	   Marigo	   et	   al.,	   1996b).	   To	   measure	   the	   level	   of	   response	   of	   forelimb	   and	  hindlimb	  progenitors	   to	  different	  Shh	  conditions,	   I	   initially	  used	  qPCR	  to	  quantify	  the	  levels	  of	  Gli1	  and	  Ptch1	  relative	  to	  untreated	  cells.	  Forelimb	  cells	  dosed	  with	  1,	  2	   or	   4nM	   Shh	   exhibited	   no	   significant	   increases	   in	   the	   levels	   of	   Gli1	   or	   Ptch1	  transcripts	  after	  3,	  6	  or	  15	  hours	  of	  exposure	  (Fig.	  9B,	  C).	  There	  was	  no	  correlation	  between	   the	   levels	   of	   target	   transcripts	   and	   Shh	   concentration	   or	   between	   the	  levels	   of	   target	   transcripts	   and	   the	   duration	   of	   Shh	   exposure.	   Thus	   no	  concentration	  dependent	  or	  temporal	  trend	  was	  observed.	  	  
Hindlimb	  cells	  exposed	  to	  1,	  2	  or	  4nM	  Shh	  for	  3	  or	  6	  hours	  exhibited	  no	  significant	  increases	   in	   the	   levels	   of	   Gli1	   or	   Ptch1	   transcripts.	   Larger	   increases	   in	   Gli1	   and	  
Ptch1	   transcripts	   were	   observed	   in	   hindlimb	   cells	   dosed	   with	   Shh	   for	   15	   hours,	  however,	   again,	   no	   correlation	   was	   observed	   between	   increases	   in	   transcription	  and	   Shh	   concentration	   (Fig.	   9D,	   E).	   	   Taken	   together,	   forelimb	   and	   hindlimb	   cells	  treated	  with	   exogenous	   Shh	   showed	  no	   significant	   increases	   in	   levels	   of	  Gli1	   and	  
Ptch1	   transcripts	  relative	  to	  cells	  under	  control	  conditions	  and	  failed	  to	  show	  any	  robust	   dose	   response	   or	   temporal	   trend	   in	   this	   system	   (Fig.	   9B-­‐E).	   A	   possible	  explanation	   for	   this	   is	   that	  cells	  were	  not	  dosed	  with	  enough	  recombinant	  Shh	   to	  induce	  a	  significant	  effect.	  Alternatively,	  dissociated	  cells	  may	  have	  lost	  their	  ability	  to	  respond	  normally	  to	  Shh	  in	  this	  assay.	  
4.2	   Forelimb	   and	   hindlimb	   explants	   cultured	   ex	   vivo	   exhibit	   a	  
robust	  and	  graded	  response	  to	  exogenous	  Shh	  	  
Tbx5	   is	   a	   marker	   of	   early	   forelimb	   progenitors	   and	   is	   downregulated	   as	   cells	  differentiate	   (Gibson-­‐Brown	   et	   al.,	   1996;	   Isaac	   et	   al.,	   1998;	   Logan	   et	   al.,	   1998;	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Ohuchi	   et	   al.,	   1998).	   A	   downregulation	   in	   Tbx5	   expression	   may	   indicate	   that	  dissociated	   cells	   are	   differentiating	   in	   culture	   and	  may	   not	   be	   responding	   to	   Shh	  signalling	   as	   limb	   progenitors.	   To	   examine	   whether	   dissociated	   limb	   cells	   were	  expressing	  Tbx5	  at	   normal	   levels	   during	   culture,	   I	   quantified	   the	   amount	   of	  Tbx5	  transcripts	  in	  dissociated	  limb	  cells.	  For	  comparison,	  I	  also	  determined	  the	  levels	  of	  
Tbx5	   from	  non-­‐dissociated	   cells	   harvested	   from	   the	   anterior	   two	   thirds	   of	   HH18	  forelimb	  buds	  and	  non-­‐dissociated	  forelimb	  explants,	  cultured	  ex	  vivo	  for	  16	  hours.	  	  
Dissociated	  forelimb	  cells	  cultured	  for	  15	  hours	  showed	  a	  4-­‐fold	  reduction	  in	  Tbx5	  transcripts	  compared	  to	  that	  observed	  in	  undissociated	  cells	  harvested	  from	  stage	  HH18	   forelimbs	   and	   a	   6-­‐fold	   reduction	   compared	   to	   explants	   that	   had	   been	  cultured	  ex	  vivo	  for	  16	  hours	  (Fig.	  10A).	  To	  determine	  if	  an	  endogenous	  reduction	  of	  Tbx5	  over	  15	  hours	  was	  observed	  in	  vivo,	  I	  quantified	  levels	  of	  Tbx5	  transcripts	  from	  cells	  harvested	  from	  the	  anterior	  two	  thirds	  of	  stage	  HH22	  chicken	  forelimbs,	  representing	  a	  16-­‐hour	  period	  of	  development	  in	  vivo	  from	  stage	  HH18.	  A	  1.5-­‐fold	  increase	   in	  Tbx5	  transcripts	  was	  observed	   in	  HH22	  cells	  compared	   to	  HH18	  cells,	  similar	  to	  the	  increase	  observed	  in	  explants	  cultured	  ex	  vivo	  (Fig.	  10A).	  Dissociated	  cells	   therefore	   exhibited	   a	   lower	   than	   normal	   expression	   of	   Tbx5,	   which	   may	  indicate	   that	   dissociated	   cells	   have	   differentiated	   in	   culture	   and	   are	   unable	   to	  respond	  to	  Shh	  signalling	  as	  progenitors.	  Non-­‐dissociated	  forelimb	  explants	  did	  not	  lose	   expression	   of	   Tbx5	   during	   ex	   vivo	   culture	   and	   therefore	   offer	   a	   potentially	  more	  robust	  system	  in	  which	  to	  continue	  this	  investigation.	  	  	  
To	  explore	  whether	  an	  ex	  vivo	  assay	  provided	  a	  more	  reliable	  system	   in	  which	   to	  investigate	   the	   response	   of	   limb	   bud	   explants	   to	   Shh	   signalling,	   I	   modified	   the	  above	   in	  vitro	  assay.	   Shh	  naïve	   cells	   from	   the	  anterior	   two	   thirds	  of	   forelimb	  and	  hindlimb	  buds	  were	  harvested	  as	  previously	  described,	  but	  were	  not	  dissociated.	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Instead	   limb	   progenitors	   were	   cultured	   as	   explants,	   ex	   vivo,	   in	   the	   presence	   of	  defined	  concentrations	  of	  recombinant	  Shh,	  for	  fixed	  periods	  of	  time	  (Fig.	  10B).	  	  
In	  a	  pilot	  experiment,	  forelimb	  explants	  were	  dosed	  with	  0,	  1,	  2,	  4	  or	  8nM	  Shh	  for	  12	   hours.	   	   In	   contrast	   to	   in	   vitro	   experiments,	   explants	   dosed	   with	   1-­‐8nM	   Shh	  showed	   a	   4-­‐6-­‐fold	   increase	   in	   levels	   of	   Gli1	   and	   Ptch1	   expression,	   compared	   to	  explants	   not	   dosed	   with	   Shh	   (Fig.	   10C,	   D).	   Significantly,	   a	   graded	   response	   was	  observed	  where	   increasing	  concentrations	  of	  Shh	  induced	  correspondingly	  higher	  levels	  of	  Gli1	  and	  Ptch1	  expression.	  Explants	  treated	  with	  1nM	  Shh	  showed	  a	  4-­‐fold	  increase	  in	  Ptch1	  and	  Gli1	  transcripts,	  whilst	  explants	  treated	  with	  4nM	  or	  8nM	  Shh	  showed	  5-­‐fold	  and	  6-­‐fold	  increases	  in	  Ptch1	  and	  Gli1	  expression,	  respectively	  (Fig.	  10C,	  D).	  An	  exception	  to	  this	  trend	  was	  seen	  in	  explants	  dosed	  with	  2nM	  Shh,	  which	  exhibited	   disproportionally	   high	   levels	   of	   induced	   gene	   expression.	   A	   5.5-­‐fold	  increase	   in	   Ptch1	   transcripts	   and	   a	   7.5-­‐fold	   increase	   in	   Gli1	   transcripts	   was	  observed	  in	  these	  explants	  (Fig.	  10D).	  	  
These	  data	  demonstrate	  that	  the	  range	  of	  Shh	  concentrations	  used	  was	  sufficient	  to	  induce	   graded	   target	   gene	   expression	   and	   that	   culturing	   explants	   ex	   vivo	   was	   a	  more	   reliable	   system	   in	   which	   to	   study	   responses	   to	   Shh	   signalling.	   A	   more	  extensive	  set	  of	  experiments	  was	  undertaken	  using	  this	  ex	  vivo	  approach.	  A	  broader	  range	  of	  Shh	  concentrations	  were	  used,	  0-­‐16nM,	  and	  culture	  periods	  were	  modified	  to	  6,	  12,	  16	  or	  20	  hours,	  as	  it	  was	  considered	  unlikely	  that	  explants	  would	  elicit	  a	  significant	  response	  to	  Shh	  signalling	  after	  only	  3	  hours	  of	  exposure.	  	  
After	  6	  hours	  of	  culture	  no	  difference	  was	  observed	  between	  forelimb	  or	  hindlimb	  explants	  dosed	  with	  different	  concentrations	  of	  Shh.	  Explants	  cultured	  with	  2,	  8	  or	  16nM	   Shh	   for	   6	   hours	   showed	   a	   2-­‐fold	   increase	   in	   Gli1	   and	   Ptch1	   transcripts	  compared	  to	  explants	  cultured	  without	  Shh	  over	  the	  same	  period	  (Fig.	  10C,	  D).	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Figure	   10	   |	   Limb	   explants	   cultured	   ex	   vivo	   exhibit	   normal	   Tbx5	   transcriptional	  
activity	   and	   a	   graded	   response	   to	   increasing	   concentrations	   of	   exogenous	   Shh.	   (A)	  Levels	  of	  Tbx5	  transcripts	  in	  explants	  taken	  directly	  from	  the	  anterior	  2/3	  of	  forelimbs	  from	  stage	  HH18	  (HH18)	  and	  stage	  HH22	  (HH22)	  chick	  embryos,	  in	  explants	  from	  anterior	  2/3	  of	  HH18	  chick	  forelimb	  buds	  cultured	  ex	  vivo	  (Explants)	  and	  in	  dissociated	  limb	  cells	  from	  anterior	   2/	   3	   of	   HH18	   forelimb	   buds	   (Dissociated)	   as	   determined	   by	   quantitative	   PCR	  (Relative	  Tbx5	  expression	  ±SEM,	  n=3	  samples	  of	  3	  explants).	   In	  all	  samples	   levels	  of	  Tbx5	  transcripts	   are	   normalised	   to	   levels	   of	   Gapdh	   and	   to	   levels	   of	   Tbx5	   expression	   in	   HH18	  samples.	   (B)	   Experimental	   schematic.	   Anterior	   2/3	   of	   forelimb	   and	   hindlimb	   buds	   (blue)	  were	   dissected	   from	   stage	   HH18	   chick	   embryos	   and	   were	   embedded	   in	   type-­‐I	   collagen	  (dark	   pink)	   before	   being	   cultured	   ex	   vivo	   in	   the	   presence	   of	   different	   concentrations	   of	  recombinant	  Shh	  for	   fixed	  periods	  of	   time.	  Levels	  of	  Gli1	   (C),	  and	  Ptch1	  (D)	  transcripts,	   in	  chick	   forelimb	   (FL)	   and	   hindlimb	   (HL)	   explants	   dosed	   with	   indicated	   Shh	   treatment	   as	  determined	  by	  quantitative	  PCR	  (Relative	  Gli1	  and	  Ptch1	  expression	  ±SEM,	  n=2-­‐3	  samples	  of	  2	  explants).	  In	  all	  samples	  levels	  of	  Gli1	  and	  Ptch1	  transcripts	  are	  normalised	  to	  levels	  of	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After	   16	   and	   20	   hours	   of	   culture,	   forelimb	   explants	   demonstrated	   a	   graded	  response	   of	   Gli1	   expression	   to	   increasing	   concentrations	   of	   Shh.	   Levels	   of	   Gli1	  transcripts	   were	   higher	   in	   explants	   cultured	   for	   16	   hours	   compared	   to	   those	  cultured	   for	  12	  hours	  at	   the	  same	  concentrations	  of	  Shh,	  but	  were	   lower	   in	   those	  cultured	   for	  20	  hours	   compared	   to	   those	   cultured	   for	   either	  12	  or	  16	  hours	   (Fig.	  10C).	  This	  demonstrates	  that	  a	  temporal	  response	  gradient	  to	  Shh	  signalling	  exists	  but	  also	  that	  explants	  may	  become	  desensitised	  to	  Shh	  signalling	  over	  time.	  	  
Ptch1	  expression	  in	  forelimb	  explants	  cultured	  for	  16	  or	  20	  hours	  was	  graded	  and	  at	  a	  similar	  level	  to	  that	  seen	  after	  12	  hours	  of	  culture	  (Fig.	  10D).	  This	  represented	  a	  discrepancy	  with	  Gli1	  expression	  in	  these	  explants,	  which	  were	  expected	  to	  show	  a	  comparable	   temporal	   trend.	  Another	  notable	  discrepancy	  was	   the	  expression	  of	  
Ptch1	   in	   forelimb	  explants	   treated	  with	  16nM	  Shh	   for	  16	  hours,	  which	  was	   lower	  than	   that	   in	   explants	   dosed	   with	   8nM	   over	   the	   same	   period,	   suggesting	  desensitisation	  to	  Shh	  signalling	  can	  also	  be	  induced	  by	  high	  concentrations	  of	  Shh	  (Fig.	  10D).	  However,	  this	  was	  not	  supported	  by	  Gli1	  expression	  in	  these	  explants.	  	  
Hindlimb	  explants	  showed	  no	  substantial	  difference	  in	  expression	  of	  Gli1	  or	  Ptch1	  to	   different	   concentrations	   of	   Shh	   after	   16	   or	   20	   hours	   of	   culture	   (Fig.	   10C,	   D).	  Strikingly,	   expression	   of	   both	   genes	   was	   much	   lower	   at	   these	   time	   points	   than	  observed	   after	   12	   hours	   of	   Shh	   treatment	   (Fig.	   10C,	   D).	   	   This	  was	   in	   contrast	   to	  temporal	   trends	   observed	   in	   forelimb	   explants	   and	   suggested	   hindlimb	   explants	  may	  have	  already	  become	  desensitised	  to	  Shh	  signalling	  by	  16	  hours.	  	  
Collectively	   these	  data	   suggested	   that	   forelimb	  and	  hindlimb	  explants	   respond	   to	  Shh	  signalling	  in	  a	  binary	  fashion	  after	  6	  hours	  of	  exposure,	  eliciting	  the	  same	  low-­‐level	   response	   when	   dosed	   with	   a	   range	   of	   Shh	   concentrations.	   After	   12	   hours,	  explants	   elicit	   a	   graded	   response	   to	   increases	   in	   Shh	   concentration,	   which	   is	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maintained	   at	   20	   hours	   in	   forelimbs	   but	   is	   lost	   by	   16	   hours	   in	   hindlimbs.	   Data	  further	  suggested	  that	  explants	  may	  become	  desensitised	  to	  Shh	  over	  time	  and	  that	  this	   occurs	   at	   different	   rates	   in	   forelimb	   and	   hindlimb	   explants.	   Interestingly,	  explants	   exposed	   to	   lower	   concentrations	   of	   Shh	   showed	   a	   greater	   decrease	   in	  relative	  Gli1	  and	  Ptch1	  expression	  over	  time	  (Fig.	  10C,	  D).	  	  
qPCR	   is	   limited	   by	   the	   number	   of	   reactions	   that	   can	   be	   performed	   in	   a	   single	  experiment.	   Consequently,	   results	   from	   several	   experiments	   had	   to	   be	   brought	  together	   to	  delineate	   temporal	   trends	  and	  compare	   forelimbs	   results	   to	  hindlimb	  results.	  Whilst	  I	  attempted	  to	  make	  results	  from	  different	  experiments	  comparable	  by	   presenting	   gene	   expression	   data	   as	   a	   fold	   change	   compared	   to	   controls,	  individual	  variations	  in	  experiments	  may	  still	  present	  themselves	  in	  data	  and	  cause	  inconsistencies	   in	   trends.	  Nonetheless,	   qPCR	  provided	   a	  useful	   initial	   insight	   into	  the	  questions	  raised	  in	  this	  chapter.	  
4.3	  Forelimb	  bud	  explants	  exhibit	  a	  non-­‐linear	  graded	  response	  to	  
the	   Shh	   morphogen	   gradient	   through	   signal	   accumulation	   and	  
signal	  desensitisation	  
In	   addition	   to	   the	   limitations	   mentioned	   above,	   qPCR	   can	   only	   measure	   the	  expression	  of	  selected	  genes	  that	  are	  known	  transcriptional	  targets.	  It	  is	  further	  an	  inefficient	   technique	   to	   measure	   the	   expression	   of	   many	   genes	   of	   such	   a	   large	  sample	   size.	   To	   circumvent	   these	   limitations	   and	   to	   find	   novel	   targets	   of	   Shh	  signalling	   I	   used	   seq	   to	   interrogate	   the	   full	   transcriptional	   responses	   of	   limb	  explants	  to	  defined	  Shh	  treatments.	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I	   simplified	   my	   experimental	   approach	   to	   reduce	   the	   number	   of	   experimental	  conditions.	   I	   focused	   on	   4	   durations	   of	   culture:	   0,	   6,	   12	   and	   16	   hours	   and	   4	  concentrations	   of	   Shh:	   0,	   2,	   4	   and	   8nM	   (Fig.	   12A).	   Time	   points	   were	   based	   on	  previous	   qPCR	   results	   that	   suggested	   explants	   might	   have	   already	   started	   to	  become	   desensitised	   to	   Shh	   signalling	   by	   20	   hours	   (Fig.	   10C,	   D).	   Concentrations	  were	  also	  based	  on	  qPCR	  results,	  which	  illustrated	  a	  0-­‐8nM	  range	  was	  sufficient	  to	  induce	  detectable	  differences	  in	  levels	  of	  target	  gene	  expression	  (Fig.	  10C,	  D).	  	  
Before	   analysing	   the	   affects	   of	   Shh	   on	   transcriptional	   targets,	   I	   interrogated	   the	  data	  to	  confirm	  that	  experimental	  procedures	  had	  been	  performed	  accurately	  and	  that	   results	   could	   be	   reliably	   interpreted.	   Importantly,	   Shh	   expression	   was	   not	  detected	   in	   any	   samples	   via	   RNAseq	   analysis,	   confirming	   that	   affects	   on	  transcription	  resulted	  only	  from	  exposure	  to	  exogenous	  Shh	  (Fig.	  11A).	  Expression	  of	   transcripts	   that	  were	  not	  expected	   to	  be	  differentially	  expressed	   (DE),	  were	  at	  similar	   levels	   in	   all	   samples,	   as	   exemplified	   by	   levels	   of	   Smo	   (Fig.	   11B).	   This	  indicated	   that	   the	   normalisation	   strategy	   of	   raw	   readcounts	   was	   effective	   and	  secondly	  that	  levels	  of	  Smo,	  an	  important	  component	  of	  the	  Shh	  signalling	  pathway,	  were	  not	  affected	  by	  Shh	  exposure.	  	  
To	   confirm	   forelimb	   and	   hindlimb	   samples	   had	   been	   kept	   separate	   during	  experimental	  procedures,	  I	  examined	  the	  expression	  of	  established	  markers	  of	  limb	  identity.	   Tbx5,	   a	   transcription	   factor	   exclusively	   expressed	   in	   the	   developing	  forelimb	  (Gibson-­‐Brown	  et	  al.,	  1996;	  Isaac	  et	  al.,	  1998;	  Logan	  et	  al.,	  1998;	  Ohuchi	  et	  al.,	  1998),	  was	  highly	  expressed	   in	  all	   forelimb	  samples	  but	  was	  not	  expressed	   in	  hindlimb	   samples	   (Fig.	   11C).	   	   Conversely,	   Tbx4,	   a	   transcription	   factor	   expressed	  exclusively	   in	   the	   developing	   hindlimb	   (Gibson-­‐Brown	   et	   al.,	   1996;	   Isaac	   et	   al.,	  1998;	   Logan	   et	   al.,	   1998;	   Ohuchi	   et	   al.,	   1998)	   was	   expressed	   at	   high	   levels	   in	  hindlimb	  samples,	  but	  was	  not	  expressed	  in	  forelimb	  samples	  (Fig.	  11D).	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Figure	   11|	   Cultured	   limb	   bud	   explants	   to	   not	   express	   endogenous	   Shh	   but	   express	  
Smo	  consistently	  and	  express	  limb-­‐type	  specific	  genes	  Tbx5	  and	  Tbx4	  in	  an	  exclusive	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To	   begin	   to	   analyse	   the	   responses	   of	   limb	   explants	   to	   Shh	   via	   RNAseq,	   I	   first	  focused	   on	   the	   response	   of	   forelimb	   explants	   as	   determined	   by	   normalised	   read	  counts	   of	   Gli1.	   Consistent	   with	   qPCR	   results,	   forelimb	   explants	   dosed	   with	   all	  concentrations	   of	   Shh,	   at	   all	   time	   points,	   showed	   an	   increase	   in	   levels	   of	   Gli1	  transcripts	   compared	   to	   control	   explants,	   (Fig.	   12B).	   After	   6	   hours	   of	   exposure,	  forelimb	  explants	  dosed	  with	  2,	  4	  or	  8nM	  Shh	  exhibited	  a	  3.5-­‐fold	  increase	  in	  levels	  of	   Gli1	   expression,	   compared	   to	   control	   explants,	   despite	   differences	   in	   Shh	  concentration	   (Fig.	   12B).	   This	   was	   also	   consistent	   with	   qPCR	   results	   confirming	  explants	   respond	   equivalently	   to	   different	   Shh	   concentrations	   at	   this	   time	   point	  and	  that	  early	  response	  to	  Shh	  in	  limb	  progenitors	  is	  binary.	  	  
After	  12	  hours	  of	  Shh	  exposure	  a	  graded	  response	  was	  observed,	  in	  which	  explants	  exhibited	   increasing	   levels	   of	   Gli1	   expression	   in	   response	   to	   increasing	  concentrations	  of	  Shh	  and	  this	  response	  steepened	  in	  explants	  exposed	  to	  Shh	  for	  16	  hours	  (Fig.	  12B).	  Interestingly,	  graded	  responses	  were	  achieved	  in	  a	  non-­‐linear	  fashion	  by	  a	  combination	  of	   two	  related	  mechanisms	  first	  described	   in	  the	  neural	  tube:	   signal	  desensitisation	   and	   signal	   accumulation	   (Fig.	   12C,	  D)	   (Dessaud	  et	   al.,	  2007).	  	  
Explants	   exposed	   to	   the	   lowest	   concentration	   of	   Shh	   (2nM)	   showed	   signal	  desensitisation,	   a	   relative	   decrease	   in	   Gli1	   expression	   over	   time	   from	   an	   initial	  response	  peak	  at	  6	  hours	  (Fig.	  12B,	  D).	  Gli1	  expression	  in	  response	  to	  mid-­‐dose	  Shh	  (4nM)	   remained	   constant	   over	   time	  whilst	   levels	   of	  Gli1	  continued	   to	   increase	   in	  explants	   treated	   with	   the	   highest	   concentration	   of	   Shh	   (8nM),	   signifying	   an	  accumulation	  of	  response	  to	  Shh	  signalling	  (Fig.	  12B,	  C).	  These	  data	  are	  consistent	  with	   a	   variation	   of	   the	   temporal	   adaptation	   mechanism,	   which	   describes	  differential	   rates	   of	   signal	   desensitisation	   in	   neural	   tube	   progenitors	   which	   is	  required	  for	  correct	  interpretation	  of	  graded	  Shh	  signalling	  (Dessaud	  et	  al.,	  2007).	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Figure	   12	   |	   Effects	   of	   concentration	   and	   duration	   of	   Shh	   exposure	   on	   the	  
transcription	   of	   primary	   Shh	   targets	   in	   forelimb	   explants.	   (A)	   Experimental	  schematic.	  Anterior	  2/3	  of	  forelimb	  and	  hindlimb	  buds	  (Blue)	  were	  dissected	  from	  HH	  St.18	  chick	  embryos	  and	  were	  embedded	  in	  type-­‐I	  collagen	  (dark	  pink)	  before	  being	   cultured	  ex	  vivo	   in	   the	  presence	  of	  different	   concentrations	  of	   recombinant	  Shh-­‐N.	  Explants	  were	  cultured	  for	  0,	  6,	  12	  or	  16	  hours	  before	  being	  assayed.	  (B,	  E)	  Normalised	   read	   counts	   of	   Gli1,	   Ptch1,	   Ptch2	   and	   Hhip	   transcripts	   in	   forelimb	  explants	  treated	  with	  the	  indicated	  concentrations	  of	  Shh	  for	  designated	  times,	  as	  determined	   by	   RNAseq	   analysis	   (n=3±SEM).	   Levels	   of	   all	   transcripts	   were	  normalised	   using	   the	   total	   count	   (TC)	  method	   of	   normalisation.	   (C,	   D),	   Model	   of	  neural	   tube	   progenitor	   specification	   resulting	   from	   different	   levels	   of	   signal	  accumulation	   or	   signal	   desensitisation	   in	   response	   to	   different	   concentrations	   of	  the	  Shh	  morphogen	  (Dessaud	  et	  al.,	  2007).	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It	   has	   been	   widely	   reported	   that	   cells	   can	   become	   desensitised	   to	   a	   number	   of	  different	   signalling	   pathways.	   This	   is	   often	   achieved	   through	   negative	   feedback	  loops,	   whereby	   active	   signalling	   induces	   the	   expression	   of	   genes	   that	   code	   for	  proteins,	  which	  act	  to	  inhibit	  signal	  transduction.	  Desensitisation	  to	  the	  MAPK,	  EFG,	  PI3/AKT,	   JAK/STAT	   pathways,	   amongst	   others,	   have	   been	   well	   characterised	  (Avraham	  and	  Yarden,	  2011;	  Carver	  et	  al.,	  2011;	  Nguyen	  and	  Kholodenko,	  2015).	  
I	  next	  examined	  the	  response	  of	  other	  well-­‐known	  Shh	  targets.	  The	  Shh	  receptors	  Ptch1	   and	   Ptch2	   and	   the	   Shh	   binding	   antagonist	   Hhip,	   are	   also	   targets	   of	   Shh	  signalling	  (Holtz	  et	  al.,	  2013;	  Jeong	  and	  McMahon,	  2005;	  Marigo	  et	  al.,	  1996a;	  Vokes	  et	  al.,	  2007;	  Vokes	  et	  al.,	  2008).	  As	  with	  Gli1	  expression,	  levels	  of	  Ptch1,	  Ptch2	  and	  
Hhip	  transcripts	  increased	  equivalently	  after	  6	  hours	  of	  Shh	  exposure,	  independent	  of	  Shh	  concentration,	  and	  continued	   to	   rise	   in	  explants	  dosed	  with	  8nM	  Shh;	  but,	  characteristically	   plateaued	   or	   decreased	   in	   explants	   exposed	   to	   lower	  concentrations	   over	   time	   (Fig.	   12E).	   Again,	   desensitisation	   to	   Shh	   signalling	  occurred	  earliest	  and	  to	  the	  greatest	  extent,	  in	  explants	  exposed	  to	  the	  lowest	  dose	  of	  Shh	  and	  therefore	  contributed	  to	  a	  steepened	  gradient	  that	  was	  observed	  at	  the	  assay	  end	  point.	  	  
A	  possible	  explanation	  for	  the	  decrease	  of	  target	  gene	  expression	  (desensitisation)	  in	   explants	   exposed	   to	   the	   lowest	   doses	   of	   Shh	   is	   that	   exogenous	   Shh	   degraded	  during	  culture.	  To	  test	  whether	  recombinant	  Shh	  was	  still	  biologically	  active	  after	  16	  hours,	  I	  cultured	  forelimb	  explants	  for	  6	  hours	  in	  media	  containing	  2nM	  Shh	  that	  had	  previously	  been	   incubated	  for	  16	  hours.	  A	  3.5-­‐fold	   increase	   in	  Gi1	  transcripts	  was	   observed	   in	   explants	   treated	   with	   this	   conditioned	   medium	   compared	   to	  explants	   cultured	  without	   Shh	   for	   6	   hours	   (Fig.	   13).	   This	  was	   not	   a	   significantly	  different	   increase	   to	   that	   exhibited	   by	   explants	   dosed	   with	   fresh	   2nM	   Shh	  compared	  to	  control	  explants	  (Fig.	  13).	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4.4	   Signal	   desensitisation	   is	   mediated	   by	   a	   Ptch1/2	   ligand	  
dependent	  antagonism	  	  
Desensitisation	   to	   Shh	   signalling	   has	   previously	   been	  observed	   in	   the	  developing	  neural	   tube	   (Dessaud	   et	   al.,	   2007;	   Dessaud	   et	   al.,	   2010).	   Neural	   tube	   explants	  exposed	  to	  exogenous	  Shh	  show	  a	  decrease	  in	  signal	  output	  over	  time	  (Dessaud	  et	  al.,	  2007).	  Interestingly,	  the	  rate	  of	  desensitisation	  to	  Shh	  in	  neural	  tube	  explants	  is	  inversely	  correlated	  to	  the	  concentration	  of	  Shh	  explants	  are	  exposed	  to	  (Dessaud	  et	   al.,	   2007;	   Dessaud	   et	   al.,	   2010).	   	   This	   temporal	   adaption	  mechanism	   has	   been	  shown	  to	  be	  critical	  for	  the	  correct	  interpretation	  of	  the	  Shh	  morphogen	  gradient	  in	  the	   vertebrate	   neural	   tube	   (Dessaud	   et	   al.,	   2007;	   Ribes	   and	   Briscoe,	   2009).	  Consistent	   with	   these	   data,	   the	   rate	   of	   signal	   desensitisation	   to	   Shh	   in	   limb	  explants,	  measured	  by	  decreases	  in	  Gli1,	  Ptch1,	  Ptch2	  and	  Hhip	  transcripts,	  was	  also	  inversely	  correlated	  to	  Shh	  concentration	  (Fig.	  12B,	  D,	  E).	  Additionally	  however,	  in	  limb	   explants	   a	   simultaneous	   signal	   accumulation	   was	   also	   observed,	   which	  correlated	  to	  increasing	  Shh	  concentrations,	  when	  exposed	  to	  medium	  -­‐	  high	  doses	  of	  Shh	  	  (Fig.	  13B,	  C,	  E).	  This	  represented	  an	  interesting	  difference	  to	  the	  response	  of	  neural	  tube	  explants	  to	  Shh	  signalling.	  
Temporal	   adaptation	   in	  neural	   tube	   explants	   is	   caused,	   at	   least	   in	  part,	   by	   a	   cell-­‐autonomous	  Ptch1-­‐mediated	   inhibition	  (Dessaud	  et	  al.,	  2007).	  Ptch1	  upregulation	  has	  been	  previously	  implicated	  in	  negative	  feedback	  to	  Shh	  signalling	  and	  this	  role	  has	   been	   termed	   Ligand	   Dependant	   Antagonism	   (LDA)	   (Jeong	   and	   McMahon,	  2005).	  Roles	  for	  Ptch2	  and	  Hhip	  mediated	  LDA	  have	  also	  been	  recently	  described	  in	  the	  neural	  tube	  (Holtz	  et	  al.,	  2013),	  and	  a	  downregulation	  of	  Shh	  co-­‐receptors	  Gas1,	  Cdon	  and	  Boc	  by	  Shh	  is	   further	  thought	  to	  contribute	  to	  this	  mechanism	  (Allen	  et	  al.,	   2007;	   Allen	   et	   al.,	   2011;	   Holtz	   et	   al.,	   2013).	   Consistent	   with	   this	  model,	   limb	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explants	   exhibited	   an	   upregulation	   of	   Ptch1,	   Ptch2	   and	   Hhip	   (Fig.	   12E)	   and	   a	  downregulation	   of	   Gas1	   and	   Cdon	   in	   response	   to	   Shh,	   although	   levels	   of	   Boc	  remained	  appeared	  unaffected	  (Fig.	  14C).	  	  
To	   directly	   determine	   if	   Ptch1	   and	   Ptch2	   contribute	   to	   a	   ligand	   dependent	  antagonism	  model	   in	   limb	  explants,	   I	   sought	   to	  determine	   if	  disrupting	  Ptch1	  and	  
Ptch2	  upregulation	   in	  explants	  would	   inhibit	  signal	  desensitisation	   in	  response	  to	  Shh	  signalling.	  Hhip	   is	  not	  expressed	   in	  developing	   limb	  buds	  at	  detectable	   levels	  and	  Hhip	  -­‐/-­‐	  mice	  do	  not	  exhibit	  a	  limb	  phenotype	  and	  was	  therefore	  not	  targeted	  in	  this	   experiment	   (Aglyamova	   and	   Agarwala,	   2007).	   Disruption	   was	   achieved	   by	  injecting	   siRNAs	   targeting	  Ptch1	   and	  Ptch2	   into	  a	   cavity	  adjacent	   to	   the	   forelimb-­‐forming	   region	   of	   stage	   HH14	   chicken	   embryos,	   followed	   by	   immediate	  electroporation	  (Fig.	  14A).	  siRNAs	  were	  co-­‐electroporated,	  with	  an	  RFP-­‐expressing	  reporter	  construct,	  into	  progenitor	  cells	  that	  give	  rise	  to	  the	  forelimb	  bud.	  After	  24	  hours	   -­‐	   for	   siRNAs	   to	   target	   Ptch1	   and	   Ptch2	   transcripts,	   limb	   explants	   were	  harvested	  from	  successfully	  targeted	  embryos	  at	  stage	  HH18	  and	  cultured	  with	  0,	  2	  or	  8nM	  of	  Shh	  for	  16	  hours	  (Fig.	  14A).	  	  
Explants	   electroporated	   with	   siRNAs	   and	   treated	   with	   2	   or	   8nM	   Shh	   showed	   a	  binary	   2-­‐fold	   increase	   in	  Gli1	   transcripts	   compared	   to	   those	   not	   dosed	  with	   Shh.	  	  This	   was	   in	   contrast	   to	   control	   explants,	   which	   showed	   a	   graded	   response	   to	  increased	  Shh	  concentrations	  (Fig.	  14B).	  Explants	  targeted	  with	  siRNAs	  and	  treated	  with	  2nM	  Shh	  exhibited	  a	  significant	  increase	  in	  Gli1	  transcripts	  compared	  to	  those	  cultured	   without	   Shh	   and	   an	   increase	   in	   Gli1	   transcripts	   compared	   to	   control	  explants	   treated	  with	   2nM	   Shh.	   Interestingly,	   explants	   targeted	  with	   siRNAs	   and	  treated	   with	   0	   or	   8nM	   Shh	   exhibited	   a	   smaller	   increases	   in	   Gli1	   expression	  compared	  to	  control	  explants	  (Fig.	  14B).	  This	  demonstrates	  that	  signal	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Figure	   14	   |	   Ligand	   dependent	   antagonism,	   mediated	   by	   Ptch1/2,	   causes	  
desensitisation	   to	   Shh	   signalling	   in	   forelimb	   explants.	   (A)	   Experimental	   schematic.	  SiRNAs	   targeting	   Ptch1	   and	   Ptch2	   transcripts	   and	   a	   RFP	   reporter	   construct	   were	  electorporated	   into	   a	   cavity	   adjacent	   to	   the	   forelimb	   forming	   region	   at	   stage	   HH14.	   The	  anterior	  two	  thirds	  of	  RFP	  positive	  limbs	  were	  harvested	  at	  stage	  HH18	  and	  cultured	  in	  the	  presence	  of	  Shh	  as	  previously	  described.	  (B)	  Relative	  expression	  (relative	  fluorescent	  units)	  of	  Gli1	  transcripts	  in	  forelimb	  explants	  cultured	  for	  16	  hours	  with	  indicated	  concentration	  of	   Shh,	   as	   determined	   by	   quantitative	   PCR	   (n=2-­‐3	   biological	   repeats	   of	   3	   explants	   per	  replicate	  ±SEM).	  Significance	  determined	  by	  paired	  T-­‐tests,	  P-­‐value	  =	  <0.01	  (**),	  <0.05	  (*),	  >0.05	  (ns).	  	  Forelimb	  explants	  previously	  subject	  to	  25	  hours	  of	  siRNA	  treatment	  targeting	  
Ptch1	   and	  Ptch2	   transcripts	   are	   denoted	   (siRNA).	   (C)	   Normalised	   read	   counts	   of	   Shh	   co-­‐receptors	  Gas1,	  Cdon	   and	  Boc	   transcripts	   in	   forelimb	   explants	   treated	  with	   the	   indicated	  concentrations	  of	  Shh	  for	  designated	  times,	  as	  determined	  by	  RNAseq	  analysis	  (n=3±SEM).	  Levels	   of	   all	   transcripts	   were	   normalised	   using	   the	   total	   count	   (TC)	   method	   of	  normalisation.	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desensitisation	  can	  be	  inhibited	  by	  disrupting	  the	  upregulation	  of	  Ptch1	  and	  Ptch2	  and	  has	  a	  more	  profound	  effect	  on	  explants	  exposed	  to	  lower	  doses	  of	  Shh.	  	  
Downstream	   signal	   transduction	   of	   the	   Shh	   pathway	   is	   mediated	   through	  activation	  of	   a	  7-­‐pass	  membrane	  protein	  Smoothened	   (Smo)	   (Alcedo	  et	   al.,	   1996;	  Ingham	  et	  al.,	  2000;	  van	  den	  Heuvel	  and	   Ingham,	  1996b)	   (Fig.	  2).	  To	  compliment	  siRNA	  experiments	  and	  gain	  further	  insight	  into	  whether	  Ptch1/2	  mediated	  LDA	  is	  responsible	  for	  signal	  desensitisation	  in	  limb	  progenitors,	  I	  sought	  to	  determine	  the	  response	  of	  limb	  cells	  to	  direct	  Smo	  activation,	  bypassing	  any	  potential	  influence	  of	  Shh	   receptors.	   To	   do	   this,	   I	   exposed	   forelimb	   explants	   to	   equivalent	   doses	   of	   a	  smoothened	  agonist,	  purmorphamine,	  and	  measured	  the	  transcriptional	  responses	  of	  explants	  via	  qPCR	  analysis.	  	  
First,	  it	  was	  necessary	  to	  determine	  what	  concentration	  of	  purmorphamine	  would	  be	  equivalent	  to	  the	  concentrations	  of	  Shh	  used	  in	  previous	  experiments.	  In	  neural	  tube	   explants,	   a	   purmorphamine	   range	   of	   0.025-­‐2μM	  was	   shown	   to	   induce	   a	   full	  range	   of	   DV	   neuronal	   cell	   sub-­‐types	   (Dessaud	   et	   al.,	   2007).	   Initially,	   I	   dosed	  forelimb	  explants	  with	  0,	  0.2,	  0.4,	  1.5,	  3	  or	  6μM	  purmorphamine	   for	  16	  hours,	   to	  establish	   an	   appropriate	   dose	   range.	   Forelimb	   explants	   exhibited	   a	   graded	  response	   to	   purmorphamine	   whereby	   levels	   of	   Gli1	   transcripts	   increased	   in	  correlation	  with	  increased	  purmorphamine	  concentrations	  between	  0.2	  -­‐3μM	  (Fig.	  15A).	  Explants	  dosed	  with	  0.4μM	  showed	  an	  approximately	  2.5-­‐fold	  increase	  in	  Gli1	  transcripts,	   whilst	   explants	   dosed	   with	   3μM	   exhibited	   a	   4-­‐fold	   increase	   in	   Gli1	  transcripts	  (Fig.	  15A).	  This	  was	  similar	  to	  the	  increases	  in	  Gli1	  transcripts	  induced	  by	   2-­‐8nM	   Shh.	   In	   subsequent	   experiments	   0.4,	   1.5	   and	   3μM	   were	   used	   as	   low,	  medium	  and	  high	  purmorphamine	  doses	  respectively.	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Figure	  15|	  Effects	  of	  concentration	  and	  duration	  of	  purmorphamine	  exposure	  on	  the	  
transcription	   of	   Gli1	   in	   forelimb	   explants.	   (A)	   Levels	   of	   Gli1	   transcripts	   in	   forelimb	  explants	   cultured	   with	   indicated	   concentrations	   of	   purmorphamine,	   for	   16	   hours,	   as	  determined	  by	  quantitative	  PCR	  (n=1).	  (B)	  Fold	  enrichment	  of	  Gli1	  transcripts	   in	  forelimb	  explants	   cultured	  with	   indicated	   concentrations	  of	  purmorphamine,	   for	  designated	   times,	  compared	  to	  vehicle	  controls,	  as	  determined	  by	  quantitative	  PCR	  (n=3±SEM).	  (C)	  Levels	  of	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To	   establish	   how	   limb	   progenitors	   respond	   to	   direct	   activation	   of	   Smo,	   forelimb	  explants	  were	  dosed	  with	  0,	  0.4,	  1.5	  or	  3μM	  purmorphamine	  for	  6,	  12	  or	  16	  hours.	  A	   graded	   response	   to	   increasing	   purmorphamine	   concentrations	   was	   seen	   at	   all	  time	   points	   (Fig.	   15B).	   In	   contrast	   to	   explants	   dosed	  with	   Shh,	   explants	   exposed	  with	  equivalent	  doses	  of	  purmorphamine	  showed	  a	  continuous	  and	  linear	  increase	  in	   Gli1	   transcripts	   over	   time	   at	   low,	   medium	   and	   high	   doses	   (Fig.	   15B).	  Desensitisation	   to	  Smo	  activation	  was	  not	  observed	   in	  explants	  dosed	  with	   lower	  doses	  of	  purmorphamine.	  This	  suggests	  that	  signal	  desensitisation,	  seen	  in	  explants	  treated	   with	   low	   doses	   of	   Shh,	   must	   be	   dependent	   upon	   a	   mechanism	   that	   acts	  upstream	  of	  Smo	  activation.	  	  
Surprisingly,	   in	   the	   pilot	   experiment,	   forelimb	   explants	   dosed	   with	   6μM	  purmorphamine	  showed	  a	  relative	  decrease	  in	  Gli1	  transcripts	  compared	  to	  those	  dosed	  with	  3μM	  (Fig.	  16A).	  This	  suggests	  explants	  had	  become	  desensitised	  to	  Smo	  activation	   and	   could	   be	   indicative	   of	   another	   negative	   feedback	   mechanism	  downstream	   of	   Smo	   activation.	   To	   investigate	   if	   this	   was	   reproducible,	   I	   dosed	  forelimb	  explants	  with	  0,	  3	  or	  6μM	  for	  16	  hours	  (n=6)	  and	  measured	  levels	  of	  Gli1	  transcripts	   by	   qPCR.	   Although	   the	   effect	   was	   not	   as	   pronounced	   as	   previously	  observed,	   explants	   dosed	  with	   6μM	   showed	   a	   25%	   reduction	   in	   signal	   output	   as	  measured	  by	  Gli1	  expression	  (Fig.	  15C).	  To	  investigate	  a	  possible	  negative	  feedback	  mechanism	  downstream	  of	  Smo	  activation,	  I	  used	  RNAseq	  to	  examine	  which	  genes	  were	  differently	  regulated	  in	  explants	  exposed	  to	  0,	  3	  and	  6μM	  of	  purmorphamine	  for	  16	  hours.	  Unfortunately,	   at	   the	   time	  of	  writing	   this	   report,	   I	   am	   still	   awaiting	  sequencing	  results.	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4.5	  Sufu	  is	  upregulated	  but	  Gli2-­‐3	  and	  Disp1	  are	  downregulated	  by	  
Shh	  signalling	  
Negative	   feedback	   mechanisms	   are	   likely	   to	   impact	   components	   of	   the	   Shh	  signalling	   pathway.	   To	   investigate	   potential	   negative	   feedback	   mechanisms	  operating	  downstream	  of	  Smo	  activation	  via	  an	  alternative	  method,	  I	  interrogated	  the	   transcriptional	   response	   of	   key	   components	   of	   the	   Shh	   signalling	   pathway	   to	  different	   Shh	   treatments.	   The	   effect	   of	   Shh	   signalling	   on	   the	   transcription	   of	   Shh	  receptors	  and	  binding	  antagonists	  (Ptch1,	  Ptch2	  and	  Hhip)	  and	  co-­‐receptors	  (Gas1,	  Cdon	   and	   Boc)	   has	   been	   described	   (Fig.	   12E;	   Fig.	   14C).	   I	   also	   examined	   the	  expression	  of	  Sufu,	  Kif7,	  Gli2,	  Gli3,	  Disp1	  and	  Scube2	  in	  forelimb	  explants	  exposed	  to	  Shh.	  Sufu	  and	  Kif7	  are	  involved	  in	  the	  intra-­‐cellular	  transduction	  of	  Shh	  signalling	  and	   play	   a	   role	   in	   transporting	   Gli	   proteins	   through	   the	   primary	   cilia	   which	   is	  essential	  for	  their	  processing	  (Fig.	  2,	  Introduction	  1.2).	  Sufu	  and	  Kif7	  also	  appear	  to	  be	  able	  to	  sequester	  Gli	  proteins	  in	  the	  cytoplasm.	  Sufu	  is	  a	  negative	  regulator	  Shh	  signalling	  whilst	  Kif7	  has	  a	  more	  complex	  role	  and	  can	  act	   to	  promote	  or	  supress	  Shh	  signalling	  in	  different	  contexts	  promote	  Shh	  signalling	  (Jia	  et	  al.,	  2009;	  Kim	  et	  al.,	  2009;	  Maurya	  et	  al.,	  2013;	  Oh	  et	  al.,	  2015;	  Svärd	  et	  al.,	  2006;	  Tukachinsky	  et	  al.,	  2010;	  Wen	  et	  al.,	  2010)	  Sufu	  expression	  was	  upregulated	  in	  explants	  exposed	  to	  4	  or	  8nM	  Shh	  only	  after	  12	  and	  16	  hours,	  but	  was	  unaffected	  by	  lower	  concentrations	  of	  Shh	  (Fig.	  16A).	  Meanwhile,	  Kif7	  expression	  was	  unaffected	  by	  Shh	  signalling	  (Fig.	  16A).	  	  
I	  next	  examined	   the	   response	  of	   transcriptional	  effectors	  of	   Shh	  signalling,	  Gli1-­‐3.	  The	  transcriptional	  response	  of	  Gli1	  to	  Shh	  signalling	  has	  been	  described	  (Fig.	  12).	  A	   reverse	   graded	   response	   to	   Shh	   signalling	   was	   observed	   in	   Gli2	   and	   Gli3	  expression,	  where	  increasing	  concentrations	  of	  Shh	  increasingly	  repressed	  Gli2	  and	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Figure	   16	   |	   Effects	   of	   Shh	   concentration	   and	   duration	   of	   Shh	   exposure	   on	   the	  
transcription	   of	   components	   of	   hedgehog	   signalling	   in	   chick	   forelimb	   explants.	  Normalised	   read	   counts	   of	   components	   of	   intra-­‐cellular	   Shh	   signal	   transduction	   (A),	   Shh	  transcriptional	   effectors	   (B)	   and	   components	   of	   Shh	   dispersion	   (C),	   in	   forelimb	   explants	  treated	  with	   the	   indicated	   concentrations	   of	   Shh	   for	   designated	   times,	   as	   determined	   by	  RNAseq	   analysis	   (n=3±SEM).	   All	   transcripts	   are	   normalised	   using	   the	   total	   count	   (TC)	  method	  of	  normalisation.	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Gli3	   expression	   after	   6	   and	   12	   hours.	   Intriguingly,	   after	   16	   hours,	   Gli2	   and	   Gli3	  expression	  was	   upregulated	   in	   explants	   exposed	   to	   low	   concentrations	   of	   Shh	   (2	  and	  4nM)	  compared	  to	  control	  explant,	  but	  explants	  exposed	  to	  8nM	  Shh	  exhibited	  no	  difference	  in	  expression	  (Fig.	  16B).	  Downregulation	  of	  Gli2	  and	  Gli3	  in	  response	  to	  Shh	  signalling	  was	  also	  observed	  in	  hindlimb	  explants	  which	  showed	  a	  reverse	  gradient	   at	   all	   time	   points,	   suggesting	   Shh	   signalling	   generally	   represses	   the	  expression	  of	  these	  genes	  (Data	  not	  shown).	  	  
Disp1,	  which	   is	   important	   for	   the	  release	  of	  Shh	  (Fig.2	   Introduction	  1.2),	  was	  also	  downregulated	   in	   response	   to	   Shh	   signalling	   after	   12	   and	   16	   hours	   (Fig.	   16C).	  
Scube2,	  which	   is	  also	   important	   for	   the	  release	  of	  Shh,	  was	  expressed	  at	  very	   low	  levels	   in	   all	   explants	   and	   was	   not	   significantly	   affected	   by	   Shh	   (Fig.	   16C).	  Collectively,	   these	   results	   suggest	   that	   a	   downregulation	   of	   Disp1	   and	   an	  upregulation	  of	  Sufu	  may	  partly	   contribute	   to	   a	   transcriptional	  negative	   feedback	  loop	  to	  limit	  further	  Shh	  signalling.	  	  
Meanwhile,	   the	   downregulation	   of	  Gli2	  and	  Gli3	  may	   contribute	   to	   differences	   in	  the	   abundance	   of	   intra-­‐cellular	   levels	   of	   GliA	   and	   GliR,	   and	   therefore	   may	  contribute	  to	  an	  overall	  downregulation	  of	  Shh	  signalling	  activity.	  	  
4.6	  Genes	  implicated	  in	  anteroposterior	  (AP)	  identity	  exhibit	  a	  non-­‐
linear	  graded	  response	  to	  Shh	  in	  forelimb	  and	  hindlimb	  explants	  	  
A	  non-­‐linear	  graded	  response	  to	  Shh	  signalling	  was	  observed	  in	  forelimb	  explants,	  as	  measured	   by	   the	   expression	   of	  Gli1,	   Ptch1,	   Ptch2	  and	  Hhip.	  These	   genes	  were	  used	  to	  measure	  levels	  of	  response	  to	  different	  levels	  of	  Shh	  signalling,	  but	  may	  not	  reflect	  different	   interpretations	  of	   Shh	   signalling	   in	   terms	  of	   specifying	  positional	  information.	   	  To	  determine	   if	   a	  non-­‐linear	  graded	   response	   to	  Shh	   signalling	  was	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important	   in	   establishing	   distinct	   anteroposterior	   (AP)	   positional	   domains	   in	   the	  developing	   limb	   bud,	   I	   examined	   the	   transcriptional	   response	   of	   genes	   that	   are	  known	  to	  play	  a	  role	  in	  limb	  development	  in	  forelimb	  explants	  dosed	  with	  Shh.	  In	  particular,	   I	   examined	   the	   expression	   profiles	   of	   genes	   known	   to	   have	   distinct	  endogenous	  AP	   expression	  patterns	   and	   genes	  previously	  described	   as	   targets	   of	  Shh	  Signalling.	  	  
The	   5’HoxD	   cluster	   (HoxD11-­‐13),	   Bmp2,	   Tbx3	   and	   Hand2	   are	   endogenously	  expressed	  posteriorly	  and	  are	  positively	  regulated	  by	  Shh	  signalling	  (Drossopoulou	  et	   al.,	   2000;	   Nelson	   et	   al.,	   1996;	   te	  Welscher	   et	   al.,	   2002b;	   Yamada	   et	   al.,	   2000).	  These	   genes	   have	   furthermore	   been	   implicated	   in	   specifying	   the	   identities	   of	  posterior	  digits	   (Drossopoulou	  et	  al.,	  2000;	  Suzuki	  et	  al.,	  2004;	   te	  Welscher	  et	  al.,	  2002b;	  Zákány	  et	  al.,	  2004).	  The	  transcriptional	  profiles	  of	  Bmp2,	  Tbx3	  and	  HoxD13	  were	   similar	   to	   that	   of	   Gli1,	   Ptch1,	   Ptch2	   and	   Hhip.	   	   After	   6	   hour	   of	   exposure,	  explants	  showed	  similar	  levels	  of	  expression	  regardless	  of	  the	  concentration	  of	  Shh	  they	   were	   exposed	   to	   (Fig.	   17B).	   Bmp2	   and	   Tbx3	   showed	   a	   partially	   graded	  response	   after	   12	   hours,	   although	   similar	   levels	   of	   expression	   were	   observed	  between	  explants	  dosed	  with	  4	  and	  8nM	  Shh	  (Fig.	  17B).	  	  
Interestingly,	  the	  response	  of	  HoxD13	  expression	  remained	  binary	  after	  12	  hours	  of	  exposure,	  suggesting	  a	  possible	  time	  lag	  of	  HoxD13	  expression	  in	  response	  to	  Shh	  signalling	   compared	   to	   other	   targets.	   After	   16	   hours,	   a	   fully	   graded	   response	   of	  
Bmp2,	   Tbx3	   and	   HoxD13	   expression	   was	   observed	   displaying	   both	   signal	  accumulation	   and	   signal	   desensitisation	   (Fig.	   17B).	   HoxD12	   and	   HoxD13	   only	  showed	  any	  differential	  expression	  to	  different	  Shh	  concentrations	  after	  16	  hours,	  when	   signal	   accumulation	   was	   observed	   in	   explants	   treated	   with	   8nM	   Shh	   (Fig.	  17B).	   This	   again	   suggested	   that	   a	   transcriptional	   time	   lag	   might	   exist	   in	   the	  expression	  of	  the	  5’HoxD	  cluster	  in	  response	  to	  Shh	  signalling.	  Hand2	  expression	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Figure	   17|	   Effects	   of	   Shh	   concentration	   and	   duration	   of	   Shh	   exposure	   on	   the	  
transcription	   of	   markers	   of	   anteroposterior	   (AP)	   identity	   in	   forelimb	   explants	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showed	   a	   binary	   response	   after	   6	   hours	   and	   a	   graded	   response	   after	   12	   and	   16	  hours	   of	   Shh	   exposure	   (Fig.17B).	   However,	   there	   was	   no	   evidence	   of	   signal	  desensitisation	  measured	  by	  Hand2	  expression	  (Fig.17B).	  
I	  next	  examined	  the	  expression	  profiles	  of	  genes	  that	  are	  endogenously	  expressed	  anteriorly	   or	   have	   been	   reported	   to	   be	   negatively	   regulated	   by	   Shh,	   to	   examine	  whether	   a	   reverse	   graded	   response	   could	   be	   observed	   in	   the	   transcriptional	  profiles	   of	   these	   genes.	   This	   would	   provide	   further	   evidence	   that	   a	   non-­‐linear	  graded	   response	   to	   Shh	   signalling	   is	   important	   in	   establishing	   distinct	   AP	  expression	   domains.	   Negatively	   regulated	   genes	   were	   expected	   to	   exhibit	   a	  continual	  fall	   in	  levels	  of	  transcription	  in	  explants	  exposed	  to	  the	  highest	  doses	  of	  Shh,	   reflecting	   continual	   repression	   by	   Shh.	   However,	   an	   increase	   in	   levels	   of	  transcription	  over	  time	  was	  expected	  in	  explants	  exposed	  to	  lower	  doses	  of	  Shh,	  as	  cells	  become	  desensitised	  to	  repression	  by	  Shh.	  	  
Alx-­‐4,	  Lhx9,	  Lhx2,	  Irx5,	  Gsc	  and	  Sox8	  are	  expressed	  in	  the	  anterior	  half	  of	  developing	  limb	   buds	   during	   Shh	   patterning	   stages	   and	   may	   be	   implicated	   in	   specifying	  anterior	  digit	  identities	  (Bell	  et	  al.,	  2004;	  Bertuzzi	  et	  al.,	  1999;	  Heanue	  et	  al.,	  1997;	  Li	  et	  al.,	  2014a;	  Rodriguez-­‐Esteban	  et	  al.,	  1998;	  te	  Welscher	  et	  al.,	  2002b).	  Explants	  not	  exposed	   to	  Shh	  showed	  a	  higher	   level	  of	  expression	  of	  all	   genes	  compared	   to	  those	   dosed	  with	   Shh.	   The	   expression	   profiles	   of	   negatively	   regulated	   genes	   also	  showed	  a	  reverse	  graded	  response	  to	  Shh;	  however,	  this	  was	  much	  tighter	  than	  the	  graded	   response	   observed	   in	   positively	   regulated	   genes	   (Fig.	   17A).	   This	   suggests	  genes	   negatively	   regulated	   by	   Shh	   are	  more	   sensitive	   to	   Shh	   than	   those	   that	   are	  positively	  regulated.	  A	  partial	  or	  full	  graded	  response	  was	  also	  not	  clearly	  observed	  until	  after	  16	  hours	  of	  culture.	  Signal	  accumulation	  was	  most	  obviously	  observed	  in	  expression	   of	   Lhx9,	   Lhx2,	   Irx5	   and	   Sox8,	   in	   explants	   exposed	   to	   8nM	   Shh,	   which	  exhibited	  the	  greatest	  continual	  decrease	   in	   levels	  of	   transcription	  over	  time	  (Fig.	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17A).	  Signal	  desensitisation	  was	  also	  observed	  in	  Sox8,	  Gsc	  and	  Lhx2	  expression	  in	  explants	   exposed	   to	   2nM	   Shh,	  which	   showed	   an	   increase	   in	   levels	   of	   transcripts	  after	  16	  hours	  of	  culture	  (Fig.	  17A).	  	  
4.7	  Hindlimb	  explants	  respond	  more	  rapidly	  than	  forelimb	  explants	  
to	  Shh	  signalling	  
To	  determine	  if	  there	  were	  observable	  differences	  in	  the	  response	  of	  forelimb	  and	  hindlimb	   buds	   to	   Shh	   signalling,	   I	   examined	   the	   transcriptional	   profiles	   of	   select	  genes	  in	  hindlimb	  explants	  treated	  with	  Shh.	  Genes	  expressed	  endogenously	  in	  the	  posterior	   and	   anterior	   of	   developing	   limb	   buds	   were	   examined.	   A	   non-­‐linear	  graded	   response	   to	   Shh	   signalling	  was	   observed	   in	   hindlimb	   explants,	   similar	   to	  that	  observed	   in	   forelimb	  explants.	  However,	   several	   interesting	  differences	  were	  seen.	  	  
Signal	   desensitisation	   was	   more	   clearly	   observed	   in	   Hand2	   and	   HoxD11-­‐13	   in	  hindlimb	  explants	  dosed	  with	  2nM	  Shh,	  compared	  to	  equivalent	  forelimb	  samples.	  Levels	   of	   Hand2,	   HoxD11,	   HoxD12	   and	   HoxD13	   showed	   a	   sharp	   decrease	   in	  hindlimb	   explants	   dosed	   with	   2nM	   Shh	   for	   16	   hours	   (Fig.	   18.2).	   This	   was	   not	  observed	   in	   equivalently	   dosed	   forelimb	   explants	   (Fig.	   17B).	   	   Hindlimb	   explants	  exposed	   to	   both	   4	   and	   8nM	   Shh	   exhibited	   an	   upregulation	   of	   Hand2,	   HoxD11,	  
HoxD12	  and	  HoxD13	  after	   16	  hours,	  which	   resulted	   in	   a	   fully	   graded	   response	   in	  the	   expression	   of	   these	   genes	   (Fig.	   18.2).	   Only	   explants	   exposed	   to	   8nM	   Shh	  showed	   an	   increase	   in	   the	   transcription	   of	   these	   genes	   in	   forelimb	   explants	   and	  consequently	  only	  a	  partially	  graded	  response	  was	  observed	  (Fig.	  17B).	  	  
Levels	  of	  Bmp2	  and	  Gli1	  transcripts	  also	  decreased	  in	  hindlimb	  explants	  exposed	  to	  2nM	  Shh	  after	  16	  hours	  (Fig.	  18.2).	  Interestingly,	  signal	  desensitisation	  was	  also	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Figure	   18	   |	   A	   comparison	   of	   the	   effects	   of	   Shh	   concentration	   and	   duration	   of	   Shh	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Figure	  18.2	   |	  A	   comparison	  of	   the	   effects	   of	   Shh	   concentration	  and	  duration	  of	   Shh	  
exposure	   on	   the	   transcription	   of	   posterior	   markers	   in	   forelimb	   and	   hindlimb	  
explants.	  	  
Normalised	  read	  counts	  of	  transcripts	  positively	  regulated	  by	  Shh,	  in	  forelimb	  and	  hindlimb	  explants	   treated	   with	   the	   indicated	   concentrations	   of	   Shh,	   for	   designated	   times,	   as	  determined	   by	   RNAseq	   analysis	   (n=3±SE).	   All	   transcripts	   are	   normalised	   using	   the	   total	  count	  (TC)	  method	  of	  normalisation.	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observed	   in	   hindlimb	   explants	   exposed	   to	   4	   and	   8nM	   Shh.	   Bmp2	   and	   Gli1	  expression	   showed	   a	  marked	  decrease	   in	  hindlimb	  explants	   exposed	   to	  4nM	  Shh	  for	  16	  hours	  whilst	  explants	  exposed	  to	  8nM	  Shh	  also	  showed	  a	  decrease	  or	  plateau	  in	  levels	  of	  Gli1	  transcripts	  at	  this	  time	  point	  (Fig.	  18.2).	  This	  suggested	  that	  signal	  desensitisation	  had	  occurred	  in	  hindlimb	  explants	  exposed	  to	  the	  highest	  levels	  of	  Shh	  signalling	  by	  16	  hours	  and	  that	  a	  graded	  response	  was	  seen	  more	  rapidly	  in	  the	  expression	   of	   genes	   that	   show	   a	   delayed	   response	   to	   Shh.	   Thus,	   overall,	   both	  positive	   and	  negative	   responses	   to	   Shh	   signalling	  were	  observed	  more	   rapidly	   in	  hindlimb	  explants.	  	  
To	  further	  determine	  the	  response	  of	  hindlimb	  explants	  to	  Shh,	  I	  also	  examined	  the	  expression	  profiles	  of	  select	  genes	  that	  are	  endogenously	  expressed	  in	  the	  anterior	  of	   limb	   buds	   or	   are	   known	   to	   be	   negatively	   regulated	   by	   Shh	   signalling.	   This	  included	  Alx-­‐4,	  Lhx9,	  Gas1,	  Irx5,	  Gsc	  and	  Sox8.	  As	  with	  forelimb	  explants,	  negatively	  regulated	  genes	  showed	  a	  tighter	  graded	  response	  than	  positively	  regulated	  genes	  in	   hindlimb	   explants	   (Fig.	   18).	  However,	   graded	   responses	  were	  more	   evident	   in	  hindlimb	   explants.	   Signal	   desensitisation,	   demonstrated	   by	   an	   increase	   in	   the	  number	  of	  transcripts,	  was	  observed	  in	  the	  expression	  of	  Alx-­‐4,	  Lhx9,	  Irx5	  and	  Sox8,	  after	   16	   hours	   in	   hindlimb	   explants	   dosed	  with	   2nM	   Shh	   (Fig.	   18).	   This	  was	   not	  observed	   in	   the	  expression	  of	  Alx-­‐4,	  Lhx9	  and	  Irx5	  in	  equivalent	   forelimb	  samples	  (Fig.	   17A).	   Signal	   desensitisation	  was	   also	   observed	   in	   the	   expression	   of	   Sox8	   in	  hindlimb	   explants	   exposed	   to	   both	   4	   and	   8nM	   Shh	   after	   16	   hours	   (Fig.	   18).	   The	  expression	   profiles	   of	   Gsc	   and	   Gas1	   were	   similar	   to	   that	   shown	   by	   equivalent	  forelimb	   samples	   (Fig.	   18).	   These	   data	   are	   consistent	   with	   the	   proposal	   that	  hindlimb	  explants	  are	  at	  a	  more	  advanced	  stage	  of	  response	  to	  Shh	  signalling	  by	  16	  hours	  than	  forelimb	  explants.	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Figure	   19|	   A	   non-­‐linear	   graded	   response	   to	   Shh	   in	   limb	   explants	   is	   detected	   by	  
quantitative	  PCR.	  Relative	  expression	  (relative	   fluorescent	  units)	  of	  Gli1	   (A,	  D),	  Ptch1	  (B,	  E)	  and	  Alx-­‐4	  (C,	  F)	   transcripts	   in	   forelimb	  (A-­‐C)	  and	  hindlimb	  (D-­‐F)	  explants	   treated	  with	  the	  indicated	  concentrations	  of	  Shh	  for	  designated	  times	  as	  determined	  by	  quantitative	  PCR	  (n=3±SEM).	  In	  all	  samples	  levels	  of	  Gli1,	  Ptch1	  and	  Alx-­‐4	  transcripts	  are	  normalised	  to	  levels	  of	  Gapdh	  transcripts.	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For	   further	   confirmation	   of	   the	   transcriptional	   expression	   profiles	   observed	   by	  RNAseq,	  the	  transcriptional	  expression	  profiles	  of	  Gli1,	  Ptch1	  and	  Alx-­‐4	  in	  forelimb	  and	  hindlimb	  explants	  were	  independently	  verified	  using	  qPCR	  analysis	  (Fig.	  19	  A-­‐F).	  As	  seen	  using	  RNAseq,	  a	  non-­‐linear	  graded	  response	  to	  Shh	  signalling	  was	  seen	  in	   forelimb	   and	   hindlimb	   explants,	   as	   determined	   by	   qPCR.	   Both	   signal	  accumulation	  and	  desensitisation	  were	  seen	  although	  the	  results	  of	  qPCR	  analyses	  were	  generally	  noisier	  (Fig.	  19	  A-­‐F).	  The	  more	  rapid	  response	  of	  hindlimb	  explants	  to	  Shh	  signalling	  compared	  to	  forelimb	  explants	  was	  also	  detectable	  by	  qPCR	  (Fig.	  19	  A-­‐F).	  	  
In	   this	   chapter	   I	   have	   investigated	   the	   transcriptional	   response	   of	   forelimb	   and	  hindlimb	  progenitors	  to	  different	  levels	  of	  Shh	  signalling	  using	  an	  ex	  vivo	  assay	  and	  RNAseq.	   I	   have	  described	   the	  development	  of	   this	  ex	  vivo	  assay	   and	  demonstrate	  that	   limb	  explants	  exhibit	  a	  graded	  response	   to	   increases	   in	  Shh	  signalling	   in	   this	  assay.	  Using	  RNAseq	  and	  qPCR	  I	  have	  demonstrated	  that	  limb	  explants	  establish	  a	  graded	   response	   to	   Shh	   signalling	   in	   a	   non-­‐linear	   fashion	   through	   two	   related	  mechanisms:	  signal	  accumulation	  and	  signal	  desensitisation.	  I	  have	  further	  shown	  that	   desensitisation	   to	   Shh	   signalling	   is	   in	   part	   caused	   by	   a	   Ptch1/2	   mediated	  feedback	  inhibition,	  but	  that	  upregulation	  of	  Sufu,	  and	  downregulation	  of	  Gli2,	  Gli3,	  
Disp1,	  Gas1	  and	  Cdon	  may	  also	  contribute	  to	  negative	  feedback	  mechanisms.	  I	  have	  demonstrated	   that	   genes	   implicated	   in	   specifying	   different	   digit	   identities	   also	  show	  a	  non-­‐linear	  graded	  response	  to	  Shh	  signalling	  which	  provides	  evidence	  that	  both	   signal	   accumulation	   and	   signal	   desensitisation	   are	   required	   for	   the	   correct	  interpretation	  of	  the	  Shh	  morphogen	  gradient	  in	  the	  limb.	  Lastly,	  I	  have	  described	  differences	  in	  the	  response	  of	  forelimb	  and	  hindlimb	  progenitors	  to	  equivalent	  Shh	  signalling,	  and	  have	  provided	  evidence	  that	  hindlimb	  progenitors	  show	  a	  complete	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range	   of	   response	   to	   Shh	   signalling	   over	   a	   shorter	   period	   of	   time	   than	   forelimb	  progenitors.	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In	   the	  previous	   chapter	   I	   investigated	  how	   limb	  progenitors	   respond	   to	   different	  levels	   and	   durations	   of	   Shh	   signalling	   by	   examining	   the	   expression	   profiles	   of	  known	   Shh	   targets.	   In	   this	   chapter,	   I	   describe	   the	   use	   of	   an	   unbiased,	   in	   silico	  approach	   to	   uncover	   genes	   that	   have	   not	   been	   previously	   described	   as	   being	  regulated	  by	  Shh,	  RNAseq	  results.	  I	  identify	  genes	  that	  are	  differentially	  expressed	  (DE)	  in	  explants	  exposed	  to	  specific	  Shh	  treatments	  compared	  to	  control	  explants	  and	  identify	  candidate	  genes	  that	  may	  be	  expressed	  in	  specific	  domains	  across	  the	  AP	  axis	  based	  on	  their	  transcriptional	  response	  profiles.	  I	  have	  further	  screened	  a	  subset	  of	   candidate	  genes	  via	  whole	  mount	   in	  situ	  hybridisation	  and	  demonstrate	  that	   my	   in	   silico	   analyses	   can	   predict	   the	   expression	   domains	   of	   some	   genes.	  Finally,	   I	   have	   attempted	   to	   use	   electroporation	   to	   mis-­‐express	   one	   of	   the	   most	  promising	   candidates,	   BMP	   antagonist	   Smoc1,	   in	   chicken	   forelimb	   buds	   to	  determine	  if	  it	  is	  sufficient	  to	  specify	  middle	  digits	  identities.	  	  	  
5.1	   Genes	   implicated	   in	   limb	   development	   are	   differentially	  
expressed	  in	  explants	  exposed	  to	  Shh	  	  
It	  has	  been	  demonstrated	  that	  graded	  Shh	  signalling	  can	   induce	  the	  expression	  of	  specific	   transcription	   factors,	   in	   restricted	   progenitor	   domains	   of	   the	   developing	  vertebrate	  neural	  tube.	  	  Expression	  of	  these	  transcription	  factors	  mark	  progenitors	  that	   give	   rise	   to	   distinct	   neuronal	   cell	   sub-­‐types	   and	   may	   be	   implicated	   in	  specifying	  neuronal	  identities	  (Briscoe	  et	  al.,	  1999;	  Briscoe	  et	  al.,	  2000;	  Dessaud	  et	  al.,	   2007).	   	  To	  determine	   if	   a	   similar	   code	  of	   transcription	   factors	   is	   expressed	   in	  response	   to	   graded	  Shh	   signalling	   in	   the	   limb,	   I	   used	   in	  silico	  analyses	   to	   identify	  genes	   that	   are	   transcriptionally	   activated	   or	   repressed	   in	   response	   to	   specific	  concentrations	  and/or	  durations	  of	  Shh	  signalling.	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To	  determine	  which	  genes	  are	  induced	  or	  repressed	  by	  specific	  levels	  or	  durations	  of	   Shh	   signalling	   in	   limb	   explants	   I	   used	   one-­‐way	   ANOVA	   and	   Tukey’s	   Post-­‐hoc	  analysis	   to	   identify	   genes	   that	   were	   statistically	   differentially	   expressed	   (DE)	   in	  forelimb	  explants	  exposed	  to	  low,	  medium	  or	  high	  concentrations	  of	  Shh	  for	  6,	  12	  or	   16	   hours,	   compared	   to	   control	   explants.	   I	   subsequently	   ordered	   genes	   by	   the	  difference	  in	  the	  level	  of	  expression	  in	  explants	  under	  a	  designated	  Shh	  treatment	  compared	   to	   control	   explants,	   to	   identify	   genes	   that	   were	   most	   induced	   or	  repressed	   by	   specific	   Shh	   treatments	   (Tables	   3-­‐4,	   Appendix	   1-­‐2,	   Materials	   and	  Methods	  2.10).	  RNAseq	  analysis	  produces	   large	  quantities	  of	  data.	   In	  this	  report	   I	  have	   chosen	   to	   focus	  my	   analysis	   on	   the	   50	  most	   induced/repressed	   genes,	  with	  particular	   emphasis	   on	   transcription	   factors	   and	   genes	   implicated	   in	   major	  signalling	   pathways,	   as	   these	   are	   most	   likely	   to	   mark	   or	   specify	   different	   digit	  identities	  (Tables	  3-­‐6,	  Appendices	  1-­‐4).	  	  
In	  general,	  explants	  exposed	  to	  higher	  concentrations	  of	  Shh	  or	  for	  longer	  periods	  of	   time,	   exhibited	   a	   greater	   number	   of	   differentially	   expressed	   genes,	   including	  genes	   previously	   described	   as	   targets	   of	   Shh	   signalling	   in	   the	   limb.	   Forelimb	  explants	  dosed	  with	  2,	  4	  or	  8nM	  Shh	  for	  6	  hours	  showed	  differential	  expression	  of	  direct	  targets	  of	  Shh	  signalling,	  Gli1	  and	  Ptch1,	  and	  other	  genes	  of	  interest	  including	  Fork-­‐head	  box	  transcription	  factors	  Foxc2	  and	  Foxo6,	  C-­‐Fos	  Induced	  Growth	  Factor	  
(Figf)	   (Vascular	   Endothelial	   Growth	   Factor	   D),	   and	   Ciliary	   Neurotrophic	   Factor	  
Receptor	   (Cntfr)	   (Table	   3,	   Appendix	   1).	   LIM	   Homeobox	   2	   (Lhx2)	   was	   the	   only	  transcription	   factor	   downregulated	   at	   this	   time	   point	   (Table	   4,	   Appendix	   2).	  Consistently,	  Figf	  and	  Cntfr	  have	  previously	  been	  described	  as	  targets	  of	  Shh	  in	  the	  limb	  and	  neural	   tube	   respectively,	  whilst	  Lhx2	   is	   expressed	   in	   the	  anterior	  of	   the	  early	   limb	  bud,	   consistent	  with	   it	  being	   repressed	  by	  Shh	  signalling	   (Davey	  et	  al.,	  2007;	  Lewandowski	  et	  al.,	  2015;	  Rodriguez-­‐Esteban	  et	  al.,	  1998).	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Table	   3	   |	   Genes	   significantly	   upregulated	   by	   different	   Shh	   treatments	   in	   forelimb	  




   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
1""""""""""""""GLI1 1"""""""""""""FOXC2 1""""""""""""""GLI1 1""""""""""""""AMER2 1""""""""""""""AMER2 1""""""""""""""PTCH2 1"""""""""""""""APOD 1"""""""""""""""PTCH2 1"""""""""""""""PTCH2
2"""""""""""""AMER2 2"""""""""""""PTCH1 2""""""""""""HS3ST2 2"""""""""""""""GLI1 2""""""""""""""CNTFR 2"""""""""""""""HHIP 2""""""""""""KIRREL3 2"""""""""""""""AMER2 2""""""""""""""""HHIP
3"""""""""""""FOXC2 3"""""""""""""CNTFR 3"""""""""""""FOXC2 3""""""""""""""PTCH1 3"""""""""""""""GLI1 3"""""""""""""""OSR1 3"""""""""""""""FIGF 3""""""""""""""""GLI1 3""""""""""""""HOXD13
4""""""""""""""NTN1 4"""""""""""""FOXO6 4"""""""""""""PTCH1 4"""""""""""""""FIGF 4"""""""""""""""LHX6 4""""""""""""""CNTFR 4""""""""""""""FGF10 4"""""""""""""""CNTFR 4""""""""""""""HOXD12
5"""""""""""""PTCH1 5"""""""""""""STRA6 5""""""""""""""NTN1 5""""""""""""""TRIB1 5""""""""""""""PTCH1 5"""""""""""""""GLI1 5"""""""""""""""IRK1 5"""""""""""""""FOXD1 5""""""""""""""""OSR1
6"""""""""""""STRA6 6"""""""""""""TRIB1 6"""""""""""""CNTFR 6"""""""""""""""RHOJ 6"""""""""""""HAPLN1 6"""""""""""""""LHX6 6""""""""""""""""VTN 6"""""""""""""""SMOC1 6"""""""""""""""PTCH1
7"""""""""""""CNTFR 7""""""""""""""FIGF 7""""""""""""""FIGF 7"""""""""""""""CDK6 7"""""""""""""EFEMP1 7""""""""""""""AMER2 7""""""""""""""GREM1 7"""""""""""""""KCNH5 7"""""""""""""""AMER2
8""""""""""""""FIGF 8"""""""""""""CASS4 8"""""""""""""TRIB1 8"""""""""""""""IRK1 8""""""""""""""FOXC2 8""""""""""""""PTCH1 8""""""""""""""SALL1 8""""""""""""""HAPLN1 8""""""""""""""""GLI1
9"""""""""""""CASS4 9"""""""""""""P2RY1 9"""""""""""""STRA6 9"""""""""""""""ASB9 9""""""""""""""KCNH5 9"""""""""""""HS3ST2 9""""""""""""""FSTL4 9""""""""""""""""APOD 9"""""""""""""""CNTFR
10"""""""""""HAPLN1 10"""""""""TMEM106C 10""""""""""""CASS4 10""""""""""""""TSKU 10"""""""""""""CNGA3 10"""""""""""""FOXC2 10""""""""""""ADAM23 10"""""""""""""""LHX6 10"""""""""""""EFEMP1
11""""""""""""P2RY1 11""""""""""GRAMD1C 11""""""""""""FOXO6 11""""""""""""""ENC1 11"""""""""""""TRIB1 11""""""""""""EFEMP1 11"""""""""""""CMTM8 11""""""""""""""FOXC2 11"""""""""""""HOXD11
12"""""""""""""""na 12""""""""""B4GALT3 12""""""""""""P2RY1 12"""""""""""""ELMO1 12"""""""""""KIRREL3 12"""""""""""""SPRY4 12"""""""""""""HOXA7 12""""""""""""KIRREL3 12"""""""""""""""LHX6
13"""""""""TMEM106C 13"""""""""""""SOX9 13"""""""""""HOXA10 13""""""""""""PTPRZ1 13"""""""""""""STRA6 13"""""""""""""SPRY4 13"""""""""""""PLCD1 13"""""""""""""""BMP2 13"""""""""""""""BMP2
14"""""""""""""IRK1 14""""""""""GDAP1L1 14"""""""""""""THBD 14""""""""""""GNPDA1 14""""""""""""""FIGF 14"""""""""""""TRIB1 14""""""""""""FAM49A 14"""""""""""""""HAS2 14""""""""""""""KCNH5
15"""""""""""""""na 15"""""""""""""HES4 15""""""""""""MORN5 15"""""""""""KBTBD11 15""""""""""""""BMP2 15"""""""""""""KCNH5 15"""""""""""""PLCG1 15""""""""""""""STRA6 15""""""""""""""FOXD1
16"""""""""""RNF122 16"""""""""""""EYA1 16""""""""""""CPLX2 16"""""""""""SLC38A6 16""""""""""""""IRK1 16"""""""""""""CNGA3 16"""""""""""""MMP11 16"""""""""""""""FIGF 16""""""""""""""FOXC2
17"""""""""""""PALM 17"""""""""""RNF122 17"""""""""""RNF122 17"""""""""""""FGF10 17""""""""""""""HAS2 17""""""""""""""BMP2 17"""""""""""""LPIN1 17"""""""""""""""IRK1 17"""""""""""""HAPLN1
18"""""""""""""SOX9 18""""""""""""CAPN5 18""""""""""""EPHB1 18""""""""""""""RIC3 18"""""""""""ADAMTS9 18""""""""""""""FIGF 18"""""""""""""EPHB3 18""""""""""""""""VTN 18""""""""""""""TRIB1
19""""""""""GDAP1L1 19"""""""""""""""na 19"""""""""""""PIM1 19""""""""""""MAP4K4 19""""""""""""""TSKU 19"""""""""""""P2RY1 19""""""""""""""""na 19""""""""""""""FGF10 19""""""""""""""FOXL1
20""""""""RAB11FIP4 20"""""""""""SCPEP1 20"""""""""TMEM106C 20"""""""""""""HPGDS 20"""""""""""SPATA13 20"""""""""""""STRA6 20"""""""""""""DDX31 20""""""""""""""SPRY4 20""""""""""""KIRREL3
21"""""""""""""HES4 21"""""""""""NUDT19 21"""""""""""""IRK1 21"""""""""""""PDE5A 21"""""""""""""MORN5 21""""""""""""""RHOJ 21""""""""""""""DNM1 21""""""""""""""SPRY4 21"""""""""""""NANOS1
22""""""""""B4GALT3 22"""""""""CDC42EP1 22"""""""""""IL11RA 22""""""""""""CXCL12 22""""""""""""""RHOJ 22"""""""""""""MORN5 22"""""""""""""KCTD1 22""""""""""""""PAMR1 22"""""""""""""""APOD
23"""""""""""""TLE3 23""""""""""FAM92A1 23"""""""""""""RHOJ 23""""""""""""""TLL1 23""""""""""TMEM132D 23"""""""""""""FOXO6 23""""""""""""COMMD5 23""""""""""""C1QTNF5 23"""""""""""""""FIGF
24"""""""""""""""na 24""""""""""""TM2D3 24"""""""""""""HES4 24""""""""""""""CD69 24"""""""""""""PTGS1 24"""""""""""""PTGS1 24"""""""""""""40057 24""""""""""""""ELMO1 24"""""""""""""""IRK1
25""""""""""""PREP2 25"""""""""""SCCPDH 25"""""""""""""TSPO 25""""""""""""""GJA1 25"""""""""""""FOXO6 25""""""""""""""TSKU 25"""""""""""""MED24 25""""""""""""""MORN5 25""""""""""""""RAMP1
26"""""""""PRICKLE2 26"""""""""SLC25A22 26"""""""""C16orf59 26""""""""""""AGPAT5 26""""""""""""""CDK6 26"""""""""""""IRF10 26""""""""""""""""na 26"""""""""""""""CDK6 26""""""""""""""SPRY4
27"""""""""""ZNF704 27""""""""""""PLCG1 27"""""""""""""""na 27""""""""""C11ORF24 27"""""""""""""ELMO1 27""""""""""""""IRK1 27""""""""""""""IRF10 27""""""""""""""SPRY4
28"""""""""""SCPEP1 28""""""""""""ACBD6 28"""""""""""KLHL17 28""""""""""""""""na 28""""""""""""""PIM1 28""""""""""""""PAX1 28""""""""""""""SALL1 28""""""""""""""P2RY1
29"""""""""CDC42EP1 29"""""""""""MRPS17 29"""""""""""GNPDA1 29"""""""""""""CPED1 29""""""""""""""ENC1 29""""""""""""""PIM1 29"""""""""""TMEM132D 29"""""""""""""""TBX3
30""""""""""""PLCG1 30"""""""""PRICKLE2 30""""""""""""""""na 30"""""""""""KBTBD11 30""""""""""""DUSP26 30"""""""""""""""RHOJ 30""""""""""""""STRA6
31""""""""""""APBB2 31"""""""""""""TLE3 31"""""""""""""""TUB 31"""""""""""""PODXL 31""""""""""""""""na 31"""""""""""SLC25A22 31"""""""""""""""HAS2
32""""""""""""TM2D3 32"""""""""""PARP16 32""""""""""""""CTSD 32""""""""""""""NDNF 32"""""""""""ADAMTS9 32""""""""""""""FARJ1 32"""""""""""""""FGF1
33"""""""""SLC25A22 33""""""""""B4GALT3 33"""""""""""""ABCC3 33"""""""""""""PAMR1 33""""""""""HS3ST3A1 33""""""""""""""PTGS1 33""""""""""""""""VTN
34"""""""""""SCCPDH 34"""""""""CDC42EP1 34""""""""""""ZNF521 34"""""""""""""EPHB1 34"""""""""""""LMCD1 34""""""""""""""FZD10 34""""""""""""""FGF10
35""""""""""GDAP1L1 35"""""""""""""APBB2 35"""""""""""""CAPN5 35"""""""""""""EPHB1 35"""""""""""""SORBS1 35"""""""""""""""IGF2
36""""""""""WDR83OS 36"""""""""""""38596 36""""""""""""""TLL2 36""""""""""""""ASB9 36""""""""""""""CPED1 36""""""""""""""MORN5
37""""""""""""PLCG1 37""""""""""""NOTCH2 37""""""""""""GNPDA1 37""""""""""""""LMO7 37""""""""""""SLC38A6 37""""""""""""""RSPO3
38"""""""""""CYB5D2 38""""""""""""PARP16 38""""""""""""""ASB9 38""""""""""""LRRC32 38""""""""""""""PODXL 38""""""""""""""PODXL
39"""""""""""SCPEP1 39"""""""""C7H2orf69 39""""""""""""MAP4K4 39"""""""""""KBTBD11 39"""""""""""""""EYA1 39""""""""""""""ELMO1
40"""""""""""AGPAT5 40""""""""""""SCPEP1 40"""""""""""GDAP1L1 40"""""""""""""ABCG4 40""""""""""""""SNED1 40""""""""""""""SALL1
41""""""""RAB11FIP4 41""""""""""""ZNHIT6 41""""""""""""""RIC3 41"""""""""""""""NPY 41""""""""""""GRAMD1C 41"""""""""""""VSTM2L
42"""""""""SLC25A22 42""""""""""""""MSI2 42""""""""""""""EYA1 42""""""""""""""""na 42"""""""""""""""SDK2 42"""""""""""""""RHOJ
43""""""""""""PREP2 43""""""""""""""GPHN 43"""""""""""""PRKD1 43""""""""""""""GBX2 43""""""""""""""EPHB1 43"""""""""""""""CDK6
44""""""""""""TM2D3 44"""""""""""""SETD7 44""""""""""SLC25A22 44"""""""""""""FGF10 44"""""""""""""COL4A2 44"""""""""""""""""na
45""""""""""""APBB2 45"""""""""""""PLCG1 45"""""""""""GRAMD1C 45""""""""""""""""na 45""""""""""""PLEKHH2 45""""""""""""""CASS4
46"""""""""""""CRYM 46"""""""""""""UBE4A 46""""""""""""SEMA6A 46"""""""""""""ELMO1 46"""""""""""""""SDC3 46"""""""""""""""TSKU
47"""""""""""ZNF740 47""""""""""""""""na 47""""""""""""""""na 47""""""""""""GNPDA1 47""""""""""""""CPLX2 47""""""""""""""PTGS1
48"""""""""""DUSP14 48""""""""""""""PWP1 48"""""""""""""VEGFA 48""""""""""TMEM200B 48"""""""""""""CAMK2D 48""""""""""""""IRF10
49""""""""""""PFDN1 49""""""""""""""LRP5 49""""""""""""""PIGA 49""""""""""""""ENC1 49""""""""""""""APBB2 49""""""""""""""ABCC3
50""""""""""""""ASNS 50"""""""""""""ABCC3 50"""""""""""""CAPN5 50""""""""""""""TMTC2 50"""""""""""""""SIX1
6 hours 12 hours 16 hours
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Table	  4|	  Genes	  significantly	  downregulated	  by	  different	  Shh	   treatments	   in	   forelimb	  
explants.	  Genes	  that	  are	  negatively	  differentially	  expressed	  in	  forelimb	  explants	  dosed	  with	  designated	   concentration	   of	   Shh	  morphogen	   for	   designated	   period	   of	   time,	   compared	   to	  control	   explants,	   as	   measured	   by	   normalised	   read	   counts.	   	   Gene	   lists	   are	   ordered	   by	  greatest	   difference	   in	   normalised	   read	   counts	   between	   explants	   under	   designated	  treatment	  and	  control	  explants.	  Novel,	  unnamed	  genes	  are	  described	  as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	  test;	  	  p=	  <0.05.	  
	  
	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
1""""""""""""""APOA1 1"""""""""""""""MYLK 1"""""""""""""""APOA1 1""""""""""""""""""GSC 1""""""""""""""""""GSC 1""""""""""""""""""GSC 1""""""""""""""""DKK.1 1"""""""""""""""""LHX9 1"""""""""""""""""LHX9
2""""""""""""""KRT15 2""""""""""""ST3GAL1 2""""""""""""""""MYLK 2"""""""""""""""""PTX3 2""""""""""""""""ALX.4 2""""""""""""""""ALX.4 2"""""""""""""""""LHX9 2""""""""""""""RASL11B 2""""""""""""""""""GSC
3""""""""""""""TGFB2 3"""""""""""""""LHX2 3""""""""""""""""LGR5 3"""""""""""""""""IRX5 3"""""""""""""""""MSX1 3"""""""""""""""""PTX3 3""""""""""""""FILIP1L 3"""""""""""""""""GAS1 3"""""""""""""""""PTX3
4""""""""""""COL12A1 4""""""""""""GPR137C 4"""""""""""""ST3GAL1 4""""""""""""""""P4HA3 4"""""""""""""""""PTX3 4"""""""""""""""BARX2B 4""""""""""""""RASL11B 4""""""""""""""FILIP1L 4"""""""""""""""""SOX8
5"""""""""""""""MYLK 5""""""""""""PLEKHA1 5""""""""""""""""LHX2 5"""""""""""""""""CDON 5""""""""""""""RASL11B 5"""""""""""""""""MSX2 5""""""""""""""""""CCK 5""""""""""""""""MERTK 5""""""""""""""RASL11B
6"""""""""""""""LHX2 6"""""""""""""""HEG1 6"""""""""""""""""DCN 6"""""""""""""""""""na 6"""""""""""""""HS6ST1 6"""""""""""""""""MSX1 6"""""""""""""""""MSX2 6""""""""""""""""ALX.4 6"""""""""""""""""GAS1
7""""""""""""PLEKHA1 7"""""""""""""""LSP1 7"""""""""""""""TSHZ1 7""""""""""""""""PRRX1 7"""""""""""""""""CD82 7""""""""""""""""WNT7B 7""""""""""""""""ALX.4 7"""""""""""""""""MSX2 7""""""""""""""""""TOX
8"""""""""""""""ORC6 8""""""""""""""RAB30 8""""""""""""""""LSP1 8""""""""""""""""LPAR2 8"""""""""""""""""LGR5 8""""""""""""""TMEM108 8"""""""""""""""""MSX1 8"""""""""""""""""CD82 8""""""""""""""""""CCK
9""""""""""""""RAB30 9"""""""""""""""TPM1 9""""""""""""""HNRNPD 9"""""""""""""""THSD7B 9"""""""""""""""""ZIC2 9""""""""""""""RASL11B 9"""""""""""""""""CD82 9"""""""""""""""""MSX1 9""""""""""""""""ALX.4
10""""""""""""""KIF5C 10"""""""""""""SOSTDC1 10"""""""""""""""PRRX1 10""""""""""""""""CD82 10""""""""""""""""GAS1 10"""""""""""""""""CCK 10"""""""""""""FILIP1L
11"""""""""""""""TPM1 11""""""""""""""HS6ST1 11""""""""""""""BARX2B 11""""""""""""""TFAP2B 11"""""""""""""S100A16 11""""""""""""""""""na 11""""""""""""""""PKP2
12""""""""""""""DNM1L 12""""""""""""""""""na 12""""""""""""""GLCCI1 12"""""""""""""""""VIT 12""""""""""""""""IRX5 12""""""""""""""""SGK1 12"""""""""""""""MERTK
13"""""""""""""""GDI2 13""""""""""""""""LMO4 13""""""""""""""""""na 13""""""""""""""""LHX2 13"""""""""""""""MERTK 13"""""""""""""S100A16 13""""""""""""""""GAS1
14""""""""""""""GSPT1 14""""""""""""""""LMO4 14"""""""""""""""PRRX1 14""""""""""""""""PTRF 14"""""""""""""""PRRX1 14""""""""""""""""CD82
15"""""""""""""""ARF5 15""""""""""""""CCRN4L 15""""""""""""""HS6ST1 15""""""""""""""HS6ST1 15""""""""""""""HS6ST1 15""""""""""""""""MSX1
16""""""""""""""YWHAQ 16"""""""""""""COL24A1 16""""""""""""""""LGR5 16"""""""""""""""SCNM1 16""""""""""""""""IRX5 16""""""""""""""""MSX2
17""""""""""""ALDH18A1 17"""""""""""""""DACT2 17"""""""""""""""PSMB3 17"""""""""""""""STX18 17""""""""""""""""IRX5
18"""""""""""""""CEP76 18""""""""""""""""IRX5 18"""""""""""""""SPCS1 18""""""""""""""""PTRF 18""""""""""""""HS6ST1
19""""""""""""""""BMP7 19""""""""""""""""PAK1 19""""""""""""""""FEZ1 19""""""""""""""""FEZ1 19"""""""""""""TMEM108
20""""""""""""""""COG1 20""""""""""""""GLCCI1 20""""""""""""""""""na 20""""""""""""""""LLPH 20"""""""""""""""PRRX1
21""""""""""""""MRPL15 21"""""""""""""SOSTDC1 21""""""""""""""""MYL4 21""""""""""""""POLR1D 21"""""""""""""""DISP1
22"""""""""""""""RSPO2 22""""""""""""""SPRYD3 22""""""""""""""""ASPG 22""""""""""""""SH3D19
23""""""""""""TMEM200A 23""""""""""""""""""na 23""""""""""""""""LMO4 23""""""""""""""""SGK1
24""""""""""""""""TP63 24"""""""""""""CHSAP18 24"""""""""""""""SPCS1 24"""""""""""""""OLFM1
25""""""""""""SLC25A29 25""""""""""""""CHMP1A 25"""""""""""""""RAB20 25"""""""""""""""RAB4A
26""""""""""""""THSD7B 26"""""""""""""""RNF41 26"""""""""""""""PSMB3 26""""""""""""""ANGPT1
27"""""""""""""PPFIBP2 27""""""""""""""ZNF740 27""""""""""""""SYNGR2 27"""""""""""""S100A16
28"""""""""""""""CEP76 28"""""""""""""""SMAP2 28"""""""""""""""RPL29 28""""""""""""""ADAM33
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Explants	  exposed	  to	  Shh	  for	  12	  hours	  also	  showed	  upregulation	  of	  Gli1	  and	  Ptch1	  as	  expected,	   and	   Ptch2,	   Hhip	   and	   Bmp2,	   in	   those	   exposed	   to	   8nM	   Shh	   (Table	   3,	  Appendix	   1).	   Other	   potentially	   interesting	   genes	   upregulated	   included	  transcription	  factors:	  Odd	  Skipped	  Related	  1	  (Osr1),	  Foxc2,	  Foxo6	  and	  Lhx6;	  negative	  regulator	   of	   Wnt	   signalling,	   APC	   Membrane	   Recruitment	   Protein	   2	   (Amer2);	  inhibitor	   of	   the	   MAP	   kinase	   pathway	   Sprouty4	   (Spry4);	   proteoglycan	   Tsukushi	  (Tsku)	  -­‐	  which	  can	  act	  as	  a	  BMP	  antagonist	  (Ohta	  et	  al.,	  2004)	  and	  heparan	  sulfate	  biosynthetic	   enzyme,	   Heparan	   Sulfate	   (Glucosamine)	   3-­‐O-­‐Sulfotransferase	   2	  (Hs3st2)	   (Table	   3,	   Appendix	   1).	   Osr1	   is	   expressed	   posteriorly,	   whilst	   Heparan	  Sulphate	   Proteoglycans	   (HSPGs)	   appear	   to	   be	   required	   for	   normal	   dispersion	   of	  Shh	  (Briscoe	  and	  Thérond,	  2013;	  Stricker	  et	  al.,	  2006).	  	  
Genes	  that	  have	  been	  previously	  described	  as	  downregulated	  by	  Shh	  or	  are	  known	  to	   be	   expressed	   in	   the	   anterior	   of	   limb	   buds	   were	   shown	   to	   be	   statistically	  downregulated	   after	   12	   hours	   of	   Shh	   exposure.	   	   Homeobox	   transcription	   factors	  
Goosecoid	   (Gsc),	   Alx-­‐4,	   Msh	   Homeobox	   2	   (Msx2),	   Msx1	   and	   Iroquois	   Homeobox	   5	  (Irx5)	  were	  downregulated	  by	  Shh	  after	  12	  hours	  and	  are	  expressed	  anteriorly	   in	  early	  limb	  buds(Bell	  et	  al.,	  2004;	  Heanue	  et	  al.,	  1997;	  Li	  et	  al.,	  2014b;	  te	  Welscher	  et	  al.,	  2002b).	  Interestingly,	  Bmp7	  and	  heparan	  sulfate	  biosynthetic	  enzyme	  Heparan	  
Sulfate	   6-­‐O-­‐Sulfotransferase	   1	   (Hs6st1)	   were	   also	   downregulated	   (Table	   4,	  Appendix	  2).	  	  
After	  16	  hours,	  explants	  exposed	  to	  4	  or	  8nM	  Shh	  differentially	  expressed	  several	  genes	   associated	   downstream	   of	   Shh	   signalling	   including	  Gli1,	  Ptch1,	  Ptch2,	  Hhip,	  
Hoxd11-­‐13,	  Bmp2,	  Tbx3,	  Sall1	  and	  Hand2.	  Transcription	  factors	  Foxc2,	  Foxd1,	  Foxl1,	  
Six	  Homeobox	  1	   (Six1)	   were	   also	   upregulated,	   as	  well	   as,	  EGF	  Containing	  Fibulin-­‐
Like	  Extracellular	  Matrix	  Protein	  1	  (Efemp1),	  Fgf1,	  Fgf10,	  cell	  cycle	  regulator	  Cyclin	  
Dependent	  Kinase	  6	  (Cdk6)	  and	  translational	  repressor	  Nanos	  Homolog	  1	  (Nanos1).	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Table	   5|	   Genes	   significantly	   upregulated	   by	   different	   Shh	   treatments	   in	   hindlimb	  
explants.	   Genes	   that	   are	   positively,	   differentially	   expressed	   in	   hindlimb	   explants	   dosed	  with	  designated	  concentration	  of	  Shh	  morphogen	  for	  designated	  period	  of	  time,	  compared	  to	   control	   explants,	   as	   measured	   by	   normalised	   read	   counts.	   Gene	   lists	   are	   ordered	   by	  greatest	   difference	   in	   normalised	   read	   counts	   between	   explants	   under	   designated	  treatment	  and	  control	  explants.	  Novel,	  unnamed	  genes	  are	  described	  as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	  test;	  	  p=	  <0.05.	  
	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
1""""""""""GPATCH3 1""""""""""""""MSC 1""""""""""""SAMD11 1"""""""""""""""SIX1 1""""""""""""""PTCH2 1""""""""""""""PTCH2 1""""""""""""""CNTFR 1""""""""""""""PTCH2 1"""""""""""""""PTCH2
2"""""""""""""MDM2 2""""""""""MAPK8IP2 2""""""""""""ALDH1A2 2"""""""""""""""GLI1 2"""""""""""""""GLI1 2"""""""""""""""GLI1 2""""""""""""""CNTFR 2""""""""""""""""HHIP
3"""""""""""ZNF839 3""""""""""""""NRP1 3"""""""""""""""BMP2 3""""""""""""""PTCH1 3""""""""""""""FOXF1 3""""""""""""""AMER2 3"""""""""""""""HHIP 3"""""""""""""""CNTFR
4"""""""""""""EXD2 4"""""""""""""PRKD1 4"""""""""""""""PIGG 4"""""""""""""""BMP2 4""""""""""""""PTCH1 4"""""""""""""""FIGF 4"""""""""""""""OSR1 4""""""""""""""""OSR1
5"""""""""""LSM14B 5"""""""""""""""GAK 5""""""""""""ADAMTS9 5"""""""""""""""SIX1 5"""""""""""""HAPLN1 5"""""""""""""""IRK1 5""""""""""""""FOXF1 5""""""""""""""EFEMP1
6""""""""""""ASXL1 6""""""""""""""PELO 6""""""""""""""FGFR4 6"""""""""""""""DPYS 6"""""""""""""""BMP2 6""""""""""""""STRA6 6"""""""""""""""GLI1 6""""""""""""""HOXD13
7"""""""""""""ODF2 7"""""""""""""F2RL2 7""""""""""""""PMP22 7"""""""""""""""FIGF 7"""""""""""""""FIGF 7"""""""""""""""NGFR 7"""""""""""""HOXD13 7"""""""""""""""FOXF1
8""""""""""C5orf24 8"""""""""""""TSSC4 8""""""""""""GRAMD1C 8""""""""""""""PODXL 8"""""""""""""""SIX1 8""""""""""""""PTCH1 8"""""""""""""""FIGF 8"""""""""""""""PTCH1
9"""""""""""""CNOT4 9""""""""""""""PKDCC 9"""""""""""""""PAG1 9"""""""""""""""IGF2 9"""""""""""""SCUBE3 9"""""""""""""""BMP2 9""""""""""""""""GLI1
10"""""""""""PTP4A3 10"""""""""""MSANTD1 10""""""""""""""PIGG 10""""""""""""""ANO1 10"""""""""""""OPRM1 10"""""""""""""AMER2 10"""""""""""""""BMP2
11""""""""""""SYT11 11"""""""""""""FZD10 11""""""""""""""NPR3 11"""""""""""ALDH1A2 11"""""""""""GDAP1L1 11"""""""""""""PTCH1 11"""""""""""""""FIGF
12""""""""""C5orf24 12""""""""""""HOXD11 12""""""""""""""HAS2 12"""""""""""""PODXL 12""""""""""RASGEF1B 12"""""""""""""""WT1 12""""""""""""""AMER2
13""""""""""""""TBX3 13"""""""""""SLC26A9 13"""""""""""""POSTN 13"""""""""""""PTPRU 13""""""""""""HOXD12 13"""""""""""""HOXD12
14"""""""""""DNAJC12 14"""""""""""GRAMD1C 14""""""""""""""HAS2 14"""""""""""""ELMO1 14"""""""""""""HAND2 14"""""""""""""""FGF1
15""""""""""KIAA1462 15"""""""""""MSANTD1 15""""""""""""""LHX6 15""""""""""""""EYA1 15""""""""""""""LIX1 15"""""""""""RASGEF1B
16""""""""""TMEM106C 16"""""""""""""FRAS1 16"""""""""""SLC26A9 16"""""""""""RUNX1T1 16"""""""""""""CPXM2 16"""""""""""""""""na
17""""""""""""ZNF704 17""""""""""""HOXA13 17""""""""""""""NPR3 17""""""""""""""""na 17""""""""""""""PIGG 17"""""""""""""""SIX1
18"""""""""""""MANBA 18"""""""""""""P2RY1 18""""""""""""""PAG1 18"""""""""""""PODXL 18"""""""""""""FOXC2 18""""""""""""""SPRY4
19""""""""""""COL6A3 19"""""""""""""NCALD 19""""""""""""""TBX3 19"""""""""""""""PTN 19""""""""""""""IRK1 19""""""""""""""SPRY4
20"""""""""""""CD151 20"""""""""""""PLOD2 20"""""""""""""""EMB 20""""""""""""""ASB9 20""""""""""""VSTM2L 20"""""""""""""""GJA4
21""""""""""C10ORF11 21""""""""""""HOXD11 21"""""""""""GRAMD1C 21"""""""""""""LIMS1 21""""""""""""HOXA13 21""""""""""""""HAND2
22""""""""""""""""na 22"""""""""""DNAJC12 22""""""""""""""PIGG 22""""""""""""""""na 22""""""""""""""TBX3 22"""""""ENSGALG11911
23""""""""""""""""na 23""""""""""""""HES4 23"""""""""""GDAP1L1 23"""""""""""GRAMD1C 23""""""""""RASGEF1B 23"""""""""""""""PIGG
24""""""""""""""""na 24""""""""""""""TLL2 24"""""""""""ADAMTS9 24""""""""""""COL4A2 24"""""""""""""PODXL 24""""""""""""""""VTN
25"""""""""""""PLOD2 25""""""""""""""TBX3 25""""""""""""""""na 25"""""""""""SLC38A6 25"""""""""""""RSPO3 25"""""""""""""""TBX3
26""""""""""""""NPNT 26"""""""""""""FABP5 26"""""""""""""""VTN 26""""""""""""""TSKU 26""""""""""""HOXD11 26""""""""""""""CPXM2
27""""""""""""SCPEP1 27"""""""""""""PKDCC 27""""""""""""HOXD11 27"""""""""""NEURL1B 27"""""""""""GDAP1L1 27"""""""""""""HOXD11
28"""""""""""PIK3IP1 28""""""""""""""PDXK 28""""""""""""""HES4 28"""""""""""CORTBP2 28"""""""""""""STRA6 28"""""""""""""HOXA13
29"""""""""""""""TOB 29""""""""""TMEM106C 29"""""""""""MSANTD1 29"""""""""""Unchar4 29""""""""""""SCUBE3 29"""""""""""""VSTM2L
30""""""""""""""ASB9 30"""""""""""""OLFM3 30"""""""""""""P2RY1 30"""""""""""""NR2F2 30""""""""""""PDZRN4 30""""""""""""""ELMO1
31""""""""""KIAA1715 31""""""""""""GPRIN3 31""""""""""""HOXA13 31""""""""""""""MSI1 31""""""""""""""TOX2 31"""""""""""""""LMO1
32""""""""""""DEPDC1 32"""""""""""""KITLG 32"""""""""""""PLOD2 32"""""""""""""EPHB3 32"""""""""""""IRF10 32""""""""""""ADAMTS9
33"""""""""""""""APP 33""""""""""""""PAWR 33"""""""""""""FGFR4 33""""""""""""STXBP5 33""""""""""""""EYA1 33""""""""""""""KCNH5
34"""""""""""B4GALT3 34""""""""""""ZNF704 34"""""""""""""PTGS1 34"""""""""""""""SRR 34"""""""""""RUNX1T1 34""""""""""""""PODXL
35"""""""""""""""AGA 35""""""""""""SCPEP1 35"""""""""""""P4HA2 35""""""""""""KLHL25 35""""""""""""""HEY1 35"""""""""""""""IRK1
36"""""""""""""RRAS2 36"""""""""""""PTGS1 36"""""""""""""NCALD 36""""""""""""HOXA10 36"""""""""""""CYYR1 36"""""""""""""SCUBE3
37""""""""""""""""na 37""""""""""""""""na 37""""""""""""""TLL2 37""""""""""""""ROR1 37"""""""""""GRAMD1C 37""""""""""""""CASS4
38""""""""""""RAB11B 38""""""""""""""PIM1 38""""""""""TMEM200B 38"""""""""""""PCSK6 38""""""""""""GNPDA1 38"""""""""""""""EYA1
39"""""""""""""KPNA2 39"""""""""""""SKAP2 39""""""""""""""PDXK 39""""""""""""STRADB 39"""""""""""""SARM1 39""""""""""""""RSPO3
40""""""""""""""RNF7 40""""""""""""IGFBP2 40"""""""""""DNAJC12 40""""""""""""SCPEP1 40"""""""""""SLC38A6 40""""""""""""GDAP1L1
41""""""""""""""PLK1 41""""""""""""""ASB9 41""""""""""""HHIPL1 41""""""""""""""GPHN 41"""""""""""FAM163A 41""""""""""""SLC38A6
42""""""""""""""CBX3 42"""""""""""""AP1S2 42"""""""""""""MORN5 42""""""""""""""DPYD 42"""""""""""FAM101B 42"""""""""""""""TOX2
43""""""""""""SAMM50 43""""""""""""MTHFSD 43""""""""""""""SDK2 43""""""""""""""JDP2 43"""""""""""""ARAP3 43""""""""""""""IRF10
44""""""""""""ARPC1A 44"""""""""""""""DCN 44""""""""""TMEM106C 44"""""""""""""AFAP1 44"""""""""""""FGF10 44"""""""""""""""""na
45"""""""""""""BLCAP 45""""""""""""""TJP2 45""""""""""PPAPDC1A 45""""""""""""LSM14B 45"""""""""""NEURL1B 45""""""""""""""LIMS1
46"""""""""""""GPSM1 46""""""""""""ZNF704 46""""""""""""MAP4K3 46"""""""""""Unchar4 46"""""""""""""""HAS2
47""""""""""""DEPDC1 47"""""""""""""PKDCC 47"""""""""""""LIMS1 47"""""""""""""GNPDA1
48"""""""""""PIK3IP1 48"""""""""""""OLFM3 48""""""""""""HOXA11 48""""""""""""IL13RA2
49"""""""""""""CHST6 49""""""""""""""NELF 49""""""""""""COL4A2 49""""""""""""""FGF10
50""""""""""""""SNX6 50""""""""""""SCPEP1 50""""""""""""AGPAT5 50"""""""""""""PDZRN4
6 hours 12 hours 16 hours
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Table	  6	  |	  Genes	  significantly	  downregulated	  by	  different	  Shh	  treatments	  in	  hindlimb	  
explants.	   Genes	   that	   are	   negatively	   differentially	   expressed	   in	   hindlimb	   explants	   dosed	  with	  designated	  concentration	  of	  Shh	  morphogen	  for	  designated	  period	  of	  time,	  compared	  to	   control	   explants,	   as	   measured	   by	   normalised	   read	   counts.	   Gene	   lists	   are	   ordered	   by	  greatest	   difference	   in	   normalised	   read	   counts	   between	   explants	   under	   designated	  treatment	  and	  control	  explants.	  Novel,	  unnamed	  genes	  are	  described	  as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	  test;	  	  p=	  <0.05.	  
	  
	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
<empty> <empty> <empty> 1)))))))))))))))))))na 1))))))))))))))Unchar7 1)))))))))))))))))LHX9 1)))))))))))))))))PTX3 1))))))))))))))CRABP<I 1))))))))))))))))GLIS1
2))))))))))))))Unchar1 2)))))))))))))))))))na 2))))))))))))))Unchar1 2)))))))))))))))))MSX1 2)))))))))))))))FGFBP1 2)))))))))))))))))LHX9
3)))))))))))))))))LHX9 3))))))))))))))Unchar1 3)))))))))))))))))))na 3)))))))))))))))))MSX2 3)))))))))))))))))LHX9 3))))))))))))))))ALX<4
4))))))))))))))FILIP1L 4)))))))))))))))))LHX9 4)))))))))))))))))MSX1 4))))))))))))))))))MT1 4))))))))))))))))CHST9 4)))))))))))))))))PTX3
5)))))))))))))))))MSX1 5)))))))))))))))))))na 5)))))))))))))))))LHX2 5)))))))))))))))))LAD1 5)))))))))))))))))PTX3 5)))))))))))))))))MSX1
6)))))))))))))))))MSX2 6)))))))))))))))))MSX1 6)))))))))))))))))MSX2 6)))))))))))))))))LGR5 6)))))))))))))))))SOD3 6)))))))))))))))))NBL1
7)))))))))))))))))))na 7)))))))))))))))))MSX2 7))))))))))))))FILIP1L 7))))))))))))))))))ID1 7)))))))))))))))))GAS1 7)))))))))))))))))CD82
8)))))))))))))))))))na 8))))))))))))))FILIP1L 8))))))))))))))))PCDH8 8))))))))))))))))DISP1 8)))))))))))))))))GAS1 8))))))))))))))))MERTK
9)))))))))))))))))ZIC2 9)))))))))))))))))LHX2 9)))))))))))))))))ZIC2 9)))))))))))))))))))na 9)))))))))))))))CALML3 9)))))))))))))))))MSX2
10)))))))))))))C1orf53 10))))))))))))))))))na 10))))))))))))))))))na 10))))))))))))))CALML3 10))))))))))))SERPINB5 10)))))))))))))))))GSC
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12)))))))))))))))HPSE2 12)))))))))))))))PCDH8 12)))))))))))))))GLIS1 12))))))))))))))))GAS1 12)))))))))))))))LAMB3 12)))))))))))))))KAT6B
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Interestingly,	  only	  expression	  of	  Grem1	  and	  Sall1	  was	  significantly	  induced	  by	  low	  concentrations	  of	  Shh,	  with	  Grem1	  notably	  not	  differentially	  expressed	  in	  explants	  exposed	   to	   higher	   concentrations	   of	   Shh.	   BMP	   antagonist	   Smoc1	  meanwhile	   was	  only	  differentially	  expressed	  in	  explants	  exposed	  to	  4nM	  Shh	  for	  16	  hours	  (Table	  3,	  Appendix	  1).	   In	  addition	   to	  genes	  of	   interest	   that	  are	   repressed	  after	  12	  hours	  of	  Shh	   exposure,	   Sox8,	   Gas1	   and	   Bmp4	  were	   also	   downregulated	   in	   explants	   dosed	  with	  Shh	  for	  16	  hours	  (Table	  4,	  Appendix	  2).	  
To	  investigate	  whether	  different	  genes	  are	  induced	  or	  repressed	  by	  Shh	  signalling	  in	   hindlimb	   buds	   compared	   to	   forelimb	   buds,	   I	   also	   examined	  which	   genes	  were	  differentially	   expressed	   in	   hindlimb	   explants	   exposed	   to	   different	   concentrations	  and	  durations	  of	  Shh	   (Tables	  5-­‐6,	  Appendices	  3-­‐4).	  Genes	   that	  were	  differentially	  expressed	  in	  hindlimb	  explants	  were	  largely	  similar	  to	  those	  in	  forelimb	  explants,	  though	   a	   few	   notable	   exceptions	   were	   observed.	   Most	   interestingly,	   Hoxa10-­‐13	  were	   differentially	   expressed	   in	   hindlimb	   explants	   exposed	   to	   Shh	   for	   12	   and	  16	  hours	  but	  were	  not	  expressed	  at	  all	   in	  forelimb	  explants	  at	  any	  time	  point.	  This	  is	  consist	  with	   the	   in	  situ	  hybridisation	  expression	  pattern	  of	  Hoxa13	  which	   is	  more	  prominently	   expressed	   in	   the	   hindlimb	   during	   Shh	   patterning	   stages	   (Bell	   et	   al.,	  2004).	   Limb	   expression	   1	   (Lix1)	   and	   Scube3	   -­‐	   which	   plays	   a	   semi-­‐redundant	   role	  with	   its	   paralog	   Scube2	   in	   releasing	   Shh	   from	   the	   cell	   membrane	   in	   zebrafish	  (Creanga	   et	   al.,	   2012)	   –	   were	   also	   differentially	   expressed	   in	   hindlimb	   explants	  (Table	  5,	  Appendix	  3).	  	  
Two	   genes	   of	   particular	   interest	   were	   differentially	   downregulated	   in	   hindlimbs	  but	   not	   in	   forelimb	   explants.	   Glis	   Family	   Zinc	   Finger	   1	   (Glis1)	   –	   a	   Gli-­‐related	  transcription	  factor	  that	  can	  act	  to	  activate	  or	  repress	  targets	  in	  a	  similar	  manner	  to	  Gli	   transcription	   factors	   (Kim	   et	   al.,	   2002)	   –	   and	  Neuroblastoma	  1	   (Nbl1)	   a	   DAN	  family	  BMP	  antagonist	  (Table	  6,	  Appendix	  4).	  Both	  are	  endogenously	  expressed	  in	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both	   the	  anterior	  of	   fore-­‐	  and	  hindlimb	  buds	  however	   (Gerlach-­‐Bank	  et	  al.,	  2002;	  Kim	  et	  al.,	  2002).	  	  
	  The	  timing	  of	  differential	  expression	  was	  also	  different	  in	  some	  genes	  in	  hindlimb	  explants.	   This	   was	  most	   notable	   with	   the	  Hoxd11	  and	   Six1,	  which	  were	   both	   DE	  after	  12	  hours	   in	  hindlimb	  explants.	  Six1	  and	   interestingly	  Eya1,	   a	   transcriptional	  co-­‐activator	  required	  by	  Six1,	  also	  showed	  higher	  levels	  of	  expression	  in	  hindlimb	  explants	   compared	   to	   forelimb	   explants	   (Tables,	   5-­‐6,	   Appendices,	   3-­‐4).	   This	   is	  reflected	   in	   in	  situ	  patterns	  of	  Six1	  but	  not	  Hoxd11,	  whilst	   the	   expression	  of	  Eya1	  remains	  to	  be	  defined	  in	  early	  limb	  buds	  (Bell	  et	  al.,	  2004).	  	  
5.2	  In	  silico	  analyses	  can	  be	  used	  to	  predict	  specific	  AP	  expression	  
patterns	  of	  Shh	  targets	  in	  chicken	  limb	  buds	  
This	  initial	  approach	  provided	  insight	  into	  which	  genes	  are	  induced	  and	  repressed	  by	   Shh	   signalling	   in	   limb	   progenitors,	   however,	   many	   genes	   were	   differentially	  expressed	   by	   different	   levels	   or	   durations	   of	   Shh	   making	   it	   difficult	   to	   uncover	  genes	   that	  may	  mark	   or	   specify	   different	   digit	   identities	   in	   response	   to	   different	  levels	  of	  Shh	  signalling.	  To	   further	  attempt	   to	   identify	  candidate	  genes	   that	  might	  be	  expressed	  in	  specific	  AP	  domains	  in	  response	  to	  distinct	  levels	  of	  Shh	  signalling,	  I	   clustered	   genes	   based	   on	   the	   similarity	   of	   their	   full	   transcriptional	   response	  profiles	  –	  the	  level	  of	  expression	  observed	  at	  each	  concentration	  and	  time	  point	  -­‐	  to	  the	  profiles	  of	  genes	   that	  are	  known	   to	  be	  expressed	  at	   specific	  AP	   levels	   in	   limb	  buds.	  	  
Ptch1	   is	   endogenously	   expressed	   in	   the	   posterior	   of	   limb	   buds	   and	   has	   a	  transcriptional	   response	   profile	   that	   shows	   a	   peak	   response	   (highest	   level	   of	  induced	   expression)	   to	   Shh	   signalling	   at	   the	   highest	   concentration	   (8nM)	   and	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duration	   (16	   hours)	   (Marigo	   et	   al.,	  1996,	   Fig.	   12).	   Its	   transcriptional	   profile	   also	  exhibits	  temporal	  adaptation,	  where	  explants	  exposed	  to	  the	  lowest	  concentration	  of	  Shh	  become	  desensitised	  to	  Shh	  signalling	  by	  16	  hours.	  To	  find	  genes	  that	  may	  be	   expressed	   in	   a	   posterior	   domain	   similar	   to	   Ptch1,	   I	   clustered	   genes	   that	   also	  showed	  a	  peak	  response	  to	  8nM	  Shh	  after	  16	  hours,	  as	  well	  as	  temporal	  adaptation	  and	  designated	  this	  profile	   ‘Ptch1-­‐like’	   (Fig.	  20).	   I	  ordered	  the	  gene	   list	  generated	  by	  fold	  increase	  in	  expression	  at	  8nM/16hour	  compared	  to	  controls	  to	  reveal	  genes	  that	   are	   most	   induced	   by	   high	   levels	   of	   Shh	   signalling	   (Fig.	   20).	   I	   separately	  subsetted	  genes	  that	  showed	  a	  peak	  response	  to	  8nM	  Shh	  after	  16	  hours,	  without	  specifying	   temporal	   adaptation	   as	   a	   required	   criteria,	   and	   designated	   this	   profile	  ‘Hoxd13-­‐like’	  (Fig.	  20).	  Genes	  within	   the	   ‘Ptch1-­‐like’	  and	   ‘Hoxd13-­‐like’	   clusters	  are	  predicted	  to	  be	  expressed	  in	  a	  posterior	  domain	  (Fig.	  20,	  blue).	  	  
Conversely,	   Alx-­‐4	   is	   expressed	   in	   the	   anterior	   of	   limb	   buds	   and	   exhibits	   a	  transcriptional	  profile	  in	  which	  the	  highest	  level	  of	  expression	  is	  observed	  in	  limb	  explants	   cultured	   without	   Shh.	   A	   reverse	   gradient	   is	   seen	   after	   16	   hours	   where	  increasing	   concentrations	   of	   Shh	   results	   in	   decreasing	   expression	   levels	   of	  Alx-­‐4.	  Accordingly,	  I	  clustered	  genes	  that	  showed	  a	  similar	  transcriptional	  profile	  to	  Alx-­‐4	  in	  an	  attempt	  to	  reveal	  genes	  that	  are	  expressed	  anteriorly	  and	  named	  this	  profile	  ‘Alx4-­‐like’	  (Fig.	  20).	  	  
I	  also	  sought	  to	  uncover	  genes	  that	  may	  be	  expressed	  at	  an	   intermediate	  AP	  level	  by	   clustering	   genes	   that	   showed	   a	   transcriptional	   profile	  where	   a	   peak	   response	  was	  exhibited	  by	  explants	  exposed	  to	  medium	  concentrations	  of	  Shh	  or	  to	  medium	  durations	  of	  Shh	  exposure.	  I	  subsetted	  genes	  that	  showed	  a	  peak	  response	  to	  8nM	  Shh	  after	  12	  hours	  of	  exposure	  (Fig.	  20,	  ‘Foxc2-­‐like’)	  or	  to	  4nM	  Shh	  after	  either	  12	  or	   16	   hours	   (Fig.	   20,	   ‘Smoc1-­‐like’)	   in	   an	   attempt	   to	   uncover	   genes	   that	   are	  expressed	   at	   an	   intermediate	   AP	   level	   directly	   anterior	   to	   the	   most	   posterior	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domain	  –	  hereafter	   referred	   to	  as	  primary	   intermediate	   (Fig.	  20,	  green).	   I	   further	  subsetted	  genes	  that	  showed	  a	  peak	  response	  to	  8nm	  Shh	  after	  6	  hours	  (8nM_6hr)	  or	   to	  2nM	  Shh	  after	  either	  12	  or	  16	  hours	   (Fig.	  20,	   ‘Grem1-­‐like’,	  2nM_16hr)	   in	  an	  attempt	  to	  identify	  genes	  that	  are	  expressed	  at	  an	  intermediate	  AP	  level	  anterior	  to	  the	   primary	   intermediate	   domain,	   but	   posterior	   to	   the	   most	   anterior	   domain	   –	  hereon	  referred	  to	  as	  secondary	  intermediate	  (Fig.	  20,	  Red).	  	  
As	   expected,	   in	   forelimb	   explants,	   several	   of	   the	   genes	   that	   were	   subsetted	   into	  ‘Ptch1-­‐like’	  and	  ‘Hoxd13-­‐like’	  profiles	  were	  also	  statistically	  differentially	  expressed	  in	  response	  to	  high	  concentrations	  of	  Shh	  (Table	  3,	  Fig.	  20,	  blue).	  Moreover,	  many	  of	  these	  genes	  are	  endogenously	  expressed	  in	  a	  posterior	  domain	  in	  chicken	  limbs	  (Fig.	   20,	   bold)	   including	   established	   targets	   of	   Shh	   signalling:	   Ptch1,	   Ptch2,	  Hhip,	  
Gli1,	   Bmp2,	   Hoxd11-­‐3	   and	   Tbx3,	   which	   validated	   this	   approach.	   Transcription	  factors,	   Foxf1,	   Foxl1,	   Lhx6	   and	   Runt	   related	   transcription	   factor	   2	   (Runx2),	   EGF-­‐
containing	  Extracellular	  Matrix	  Protein	  (Efemp1)	  and	  Hs3st2	  –	  an	  enzyme	  involved	  in	  the	  synthesis	  of	  heparan	  sulphate	  chains	  on	  HSPGs	  -­‐	  were	  also	  identified	  by	  this	  analysis	  and	  are	  predicted	  to	  be	  expressed	  posteriorly.	  
Similarly,	   several	   genes	   that	   were	   subsetted	   into	   the	   ‘Alx-­‐4-­‐like’	   profile	   are	  endogenously	   expressed	   in	   an	   anterior	   domain	   or	   are	   known	   to	   be	   repressed	  by	  Shh	  signalling,	   including:	  Alx-­‐4,	  Goosecoid	  (Gsc),	  Gas1,	  Sox8,	  Sox6,	  Msx1,	  Msx2,	  Lhx2,	  
Glis1	  and	  Disp1	  (Fig.	  20,	  bold).	  Mab-­‐21-­‐like-­‐1	  and	  Mab-­‐21-­‐like-­‐2	  -­‐	  which	  are	  similar	  to	   a	   cell	   fate-­‐determining	   gene	   found	   in	   C.	   elegans,	   Mab-­‐21	   -­‐	   Hs6st1,	   and	  interestingly,	  three	  BMP	  antagonists,	  Nbl1,	  Noggin	  (Nog)	  and	  Von	  Willebrand	  Factor	  
C	  Domain	  Containing	  2	   (Vwc2),	   were	   also	   highly	   ranked	   in	   this	   gene	   list	   and	   are	  predicted	   to	   be	   expressed	   anteriorly	   (Fig.	   20,	   black).	   Mutations	   to	  Mab-­‐21	   in	   C.	  
elegans	  leads	  to	  homeotic	  transformations	  (Chow	  et	  al.,	  1995).	  Whilst	  BMPs	  play	  an	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Figure	   20	   |	   Gene	   lists	   based	   on	   transcriptional	   profiles	   in	   forelimb	   explants.	   (A)	  Predicted	  AP	  expression	  domains	  of	  genes	  based	  on	  their	  transcriptional	  profile:	  posterior	  (blue),	   primary	   intermediate	   (green),	   secondary	   intermediate	   (red),	   anterior	   (black).	   (B)	  Lists	   of	   genes	   subsetted	   on	   the	   similarity	   of	   their	   transcriptional	   profiles	   to	   the	  transcriptional	  profiles	  of	  reference	  genes	  and/or	  on	  the	  duration	  or	  level	  of	  Shh	  signalling	  that	   induces	   a	   peak	   response	   using	   R	   language	   and	   statistical	   environment.	   Exemplary	  transcriptional	   profiles	   and	   reference	   genes/peak	   conditions	   are	   shown	   above	   gene	   lists.	  Genes	  that	  are	  known	  to	  be	  expressed	   in	   their	  predicted	  domain	  are	  shown	  in	  bold.	  Gene	  lists	   are	   ordered	   by	   greatest	   difference	   in	   normalised	   read	   counts	   between	   the	   Shh	  treatment	  that	  induces	  peak	  response	  and	  control	  -­‐	  the	  top	  40	  ranked	  are	  shown.	  Ptch1_like	  conditions	   specify	   a	   peak	   response	   at	   8nM	   Shh	   after	   16	   hours	  with	   temporal	   adaptation	  observed	  in	  explants	  dosed	  with	  2nM	  Shh	  (*).	  Novel,	  unnamed	  genes	  are	  described	  as	  "na".	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!!!!Alx4_like 6hr_Peak !Grem1_like !2nM_Peak !Smoc1_like !!!Foxc2_like Hoxd13_like !!Ptch1_like
0nM_/Peak 8nM_6hr/Peak 2nM_12hr/Peak/ 2nM/_16hr/Peak/ 4nM_12/16hr/Peak 8nM_12hr/Peak 8nM_16hr/Peak 8nM_16hr/Peak*
1////////////GSC 1!!!!!!!!!!!!RADIL 1!!!!!!!!!!!!AOX1 1!!!!!!!!!!SULF1 1!!!!!!!!!!SMOC1 1!!!!!!!!!!!OSR1 1////////////PTCH2 1//////////PTCH2
2!!!!!!!!!!!PTX3 2!!!!!!!!!!!!KCNJ3 2!!!!!!!!!!!!!BSX 2!!!!!!!!!!FANCC 2!!!!!!!!!!CNGA3 2!!!!!!!!!!FOXC2 2/////////////HHIP 2///////////HHIP
3!!!!!!!!!MGMA 3!!!!!!!!!!!!SASH3 3!!!!!!!!!!!SULF1 3!!!!!!!!!!AMACR 3!!!!!!!!!HAPLN1 3!!!!!!!!!!SPRY4 3///////////HOXD13 3///////////OSR1
4!!!!!!!!MAB21L2 4!!!!!!!!!!!!!!!na 4!!!!!!!!SLC22A23 4!!!!!!!!!!CNTLN 4!!!!!!!!!!!ANO1 4!!!!!!!!!!SPRY4 4///////////HOXD12 4//////////PTCH1
5///////////SOX8 5!!!!!!!!!!!!!!!na 5///////////GREM1 5!!!!!!!!!!LRIG3 5!!!!!!!!!!!APOD 5!!!!!!!!!!!FGF1 5/////////////OSR1 5///////////GLI1
6!!!!!!!!MAB21L1 6!!!!!!!!!TMEM200B 6!!!!!!!!!!!!DDX4 6!!!!!!!!!!WDR36 6!!!!!!!!!!!NTN1 6!!!!!!!!!!MORN5 6////////////PTCH1 6//////////CNTFR
7!!!!!!!!RASL11B 7!!!!!!!!!!!SCNN1G 7!!!!!!!!!!!TRPA1 7!!!!!!!!!C9ORF3 7!!!!!!!!!!!HAS2 7!!!!!!!!!!FOXO6 7!!!!!!!!!!!!AMER2 7!!!!!!!!!EFEMP1
8///////////GAS1 8!!!!!!!!!!!!DHX58 8!!!!!!!!!COL25A1 8!!!!!!!!!!HOXA7 8!!!!!!!!!!NRSN1 8!!!!!!!!!!!TSKU 8/////////////GLI1 8!!!!!!!!!!!LHX6
9///////////NBL1 9!!!!!!!!!!!!EPHB3 9!!!!!!!!!!!ABCG2 9!!!!!!!!!!!HEXB 9!!!!!!!!!!DCDC2 9!!!!!!!!!!RUNX2 9////////////CNTFR 9!!!!!!!!!!FOXF1
10/////////ALXH4 10!!!!!!!!!!!!!!na 10!!!!!!!!!!!SIX2 10!!!!!!!!!!IDUA 10!!!!!!!!!PAMR1 10!!!!!!!!!SIAH3 10!!!!!!!!!!EFEMP1 10//////////BMP2
11!!!!!!!!!!VWC2 11!!!!!!!!ARHGAP26 11!!!!!!!!!!!FMN2 11!!!!!!!!!UGGT2 11!!!!!!!RUNX1T1 11!!!!!!!!!!CNR1 11//////////HOXD11 11/////////KCNH5
12!!!!!!!!!!PKP2 12!!!!!!!!!!!GNB1L 12!!!!!!!!!!!!!na 12!!!!!!!!!TBX18 12!!!!!!!SPATA13 12!!!!!!!!!ABCC3 12!!!!!!!!!!!!LHX6 12!!!!!!!!!FOXC2
13!!!!!!!!!MERTK 13!!!!!!!!!!!PMP22 13!!!!!!!!!!!!!na 13!!!!!!!!!CYTL1 13!!!!!!TMEM132D 13!!!!!!!!SCPEP1 13!!!!!!!!!!!FOXF1 13!!!!!!!!!TRIB1
14//////////GAS1 14!!!!!!!!!!NDUFA8 14!!!!!!!!SULT1E1 14!!!!!!!!!CD151 14!!!!!!!!!!NGFR 14!!!!!!PRICKLE2 14////////////BMP2 14!!!!!!!!!FOXL1
15!!!!!!!!!!CD82 15!!!!!!!!!!!LRFN5 15!!!!!!!!!SLC1A4 15!!!!!!!!!ISOC1 15!!!!!!!APBB1IP 15!!!!!!!!!RAB38 15///////////KCNH5 15//////////FIGF
16//////////MSX1 16!!!!!!!!!!!MLB1 16!!!!!!!!!RBM43 16!!!!!!!!GRIN3A 16!!!!!!!LAPTM4B 16!!!!!!!!!!!FOXC2 16!!!!!!!!!RAMP1
17//////////MSX2 17!!!!!!!!FAM190B 17!!!!!!!!!ORC2L 17!!!!!!!GRAMD1C 17!!!!!!!!!EXOC2 17!!!!!!!!!!!TRIB1 17//////////TBX3
18!!!!!!!!!!CA10 18!!!!!!!!!!DECR1 18!!!!!!!COMMD10 18!!!!!!!!!EDIL3 18!!!!!!!!!FMNL2 18!!!!!!!!!!!FOXL1 18!!!!!!!!!FGF10
19!!!!!!CRISPLD2 19!!!!!!!!SLC7A11 19!!!!!!!!!MYOCD 19!!!!!!!!!PRKD1 19!!!!!!!ERCC6L2 19!!!!!!!!!KIRREL3 19/////////RSPO3
20!!!!!!!!!!!NOG 20!!!!!!!!!!TAF4B 20!!!!!!!RAPGEF1 20!!!!!!!!!PRELP 20!!!!!!!!!LRFN5 20!!!!!!!!!!HS3ST2 20!!!!!!!!PLCXD3
21!!!!!!!!!FNDC4 21!!!!!!!!!!ITPR2 21!!!!!!!!!TSEN2 21!!!!!!!!!HOXA4 21!!!!!!CDC42EP1 21!!!!!!!!!!!SRRM3 21!!!!!!!!!!RHOJ
22!!!!!!ARHGAP18 22!!!!!!!!!!!!!na 22!!!!!!!!!KIF2A 22!!!!!!!!!MANBA 22!!!!!!!!!PELI2 22////////////FIGF 22!!!!!!!!!ABCC3
23!!!!!!!!!PALM2 23!!!!!!!!!!!!SLA 23!!!!!!!!!!MTX3 23!!!!!!!!COL8A2 23!!!!!!ARHGAP26 23!!!!!!!!!!!!IRK1 23//////////SIX1
24!!!!!!!!HS6ST1 24!!!!!!!!!!MYOCD 24!!!!!!FAM177A1 24!!!!!!!GDAP1L1 24!!!!!!!!!!ZEB2 24!!!!!!!!!!!RAMP1 24!!!!!!!KBTBD11
25//////////LHX2 25!!!!!!!!!!!!TDH 25!!!!!!SLC25A12 25!!!!!!!!!PROM1 25!!!!!!!FAM116A 25!!!!!!!!!!!SPRY4 25!!!!!!!!!RUNX2
26!!!!!!!!!!!VIT 26!!!!!!!!!!PCDH8 26!!!!!!!!!!MRM1 26!!!!!!!!!KCNK5 26!!!!!!!!NDUFA8 26!!!!!!!!!!!SPRY4 26!!!!!!!!!!!na
27!!!!!!!TMEM108 27!!!!!!!!!!!LHX1 27!!!!!!!!!GLRA4 27!!!!!!!CCDC85A 27!!!!!!!!AKAP10 27!!!!!!!!!!!P2RY1 27!!!!!!!!SCNN1B
28!!!!!!!!!!!CA2 28!!!!!!!!!!CASP3 28!!!!!!!!!!ARL6 28!!!!!!!!!FBXL7 28!!!!!!!!!GNB1L 28////////////TBX3 28!!!!!!RASGEF1B
29!!!!!!!!GPR146 29!!!!!!!!!HARBI1 29!!!!!!!!NUSAP1 29!!!!!!!!!SKAP2 29!!!!!!!!!!!!na 29!!!!!!!!!!!STRA6 29!!!!!!!!!!RGS6
30!!!!!!!!RASSF9 30!!!!!!!!!!TRAK2 30!!!!!!!!!GNA11 30!!!!!!!!!MATN2 30!!!!!!!!!!!!na 30!!!!!!!!!!!!FGF1 30!!!!!!!!!!RFFL
31!!!!!!!!!PRRX1 31!!!!!!!!!SLC7A5 31!!!!!!!!!APBA2 31!!!!!!!!!!PIGA 31!!!!!!C11ORF82 31!!!!!!!!!!!!!VTN 31!!!!PDZ_Unchar
32//////////SOX6 32!!!!!!!!!!TICRR 32!!!!!!!!!LMNB1 32!!!!!!!!MAP4K4 32!!!!!!!!!ACTN4 32!!!!!!!!!!!FGF10 32!!!!!!!!!!CNR1
33!!!!!!!!PRDM16 33!!!!!!!!!!!VWA8 33!!!!!!!!!MED18 33!!!!!!!!!!VILL 33!!!!!!!!!!!!na 33!!!!!!!!!!!WNT9B 33!!!!!!!!!!PDXK
34/////////GLIS1 34!!!!!!!!!!SMYD3 34!!!!!!!CCDC171 34!!!!!!!!!!SOX9 34!!!!!!!!!SGMS1 34!!!!!!!!!!!!IGF2 34!!!!!!!!SCPEP1
35!!!!!!!!!WNT7B 35!!!!!!!!!!WIPI1 35!!!!!!!!!CENPL 35!!!!!!!!!LPIN1 35!!!!!!!!!!TPI1 35!!!!!!!!!!!MORN5 35!!!!!!!!!!!MCC
36/////////DISP1 36!!!!!!!!LACTBL1 36!!!!!!!!ANKRD1 36!!!!!!!!!ACSL6 36!!!!!!!ADPRHL2 36///////////RSPO3 36!!!!!!!!!!MSLN
37!!!!!!!!PHLDA3 37!!!!!!!KIAA1958 37!!!!!!!!!!!!na 37!!!!!!!!!WNT7A 37!!!!!!!!!NR3C2 37!!!!!!!!!!!PAPPA 37!!!!!!!!STXBP5
38!!!!!!!!!KCNK1 38!!!!!!!KIAA1432 38!!!!!!!!MTHFD2 38!!!!!!!!!PLCG1 38!!!!!!!!!!!PODXL 38!!!!!!!!!ACER3
39!!!!!!!!!!!NTS 39!!!!!!!!!!TCEA3 39!!!!!!!!!AGGF1 39!!!!!!!!PLXNA2 39!!!!!!!!!!!ELMO1 39!!!!!!PRICKLE2
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important	  role	  in	  limb	  development	  and	  Hs6st1	  encodes	  another	  enzyme	  involved	  in	  the	  synthesis	  of	  heparan	  sulphate	  chains	  on	  HSPGs.	  	  
Profiles	   that	   sought	   to	   identify	   genes	   that	   might	   be	   expressed	   at	   a	   primary	  intermediate	  AP	  level	  did	  not	  contain	  any	  genes	  that	  are	  known	  to	  be	  expressed	  at	  this	  level	  or	  that	  had	  previously	  been	  reported	  as	  being	  regulated	  by	  Shh	  signalling	  (Fig.	   20,	   green).	   However,	   two	   BMP	   antagonists	   –	   Smoc1	   and	   Tsku,	   Fox	  transcription	  factors,	  Foxc2	  and	  Foxo6,	  and	  Fgf1	  were	  subsetted	  into	  these	  lists	  and	  are	  predicted	  to	  be	  expressed	  at	  a	  primary	  intermediate	  AP	  level	  (Fig.	  20).	  
Meanwhile,	   BMP	   antagonist	   Grem1	   was	   the	   only	   gene	   previously	   described	   as	  targeted	  by	  Shh	  signalling	  in	  the	  limb	  present	  in	  profiles	  that	  sought	  to	  reveal	  genes	  expressed	   in	   a	   secondary	   intermediate	   AP	   domain	   (Fig.	   20,	   red).	   Grem1	   is	  expressed	   in	  a	  domain	  consistent	  with	   this	  prediction	  and	   is	   required	   for	  normal	  limb	  development	  (Khokha	  et	  al.,	  2003).	  Intriguingly,	  the	  expression	  of	  Sulfatase	  1	  (Sulf1)	  -­‐	  a	  third	  enzyme	  I	  have	  identified	  that	  modifies	  the	  composition	  of	  heparan	  sulphate	   chains	   on	  HSPGs	   -­‐	  was	   induced	  by	   low	   levels	   of	   Shh	   signalling	   (‘Grem1-­‐like’)	   and	   is	   predicted	   to	   be	   expressed	   in	   a	   secondary	   intermediate	   AP	   domain.	  
Hs6st1	  and	  Hs3st2	  are	  predicted	  to	  be	  expressed	  in	  anterior	  and	  posterior	  domains	  respectively,	  raising	  an	  interesting	  possibility	  that	  different	  levels	  of	  Shh	  signalling	  may	  regulate	  the	  spread	  of	  Shh	  ligand	  in	  different	  AP	  domains	  through	  inducing	  or	  repressing	   the	   expression	   of	   different	   genes	   involved	   in	   generating	   HSGPs.	   This	  would	   represent	   a	   novel	   noncell-­‐autonomous	   feedback	  mechanism.	  Brain	  specific	  
homeobox	  (Bsx),	  Hoxa7,	  Six2,	  Lhx1	  were	  the	  only	  transcription	  factors	  that	  clustered	  to	  these	  profiles	  and	  may	  be	  expressed	  in	  a	  similar	  domain	  to	  Grem1.	  	  
To	   further	   investigate	   whether	   different	   genes	   are	   induced	   or	   repressed	   by	   Shh	  signalling	   in	   hindlimb	   buds	   compared	   to	   forelimb	   buds,	   I	   also	   clustered	   genes	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based	  on	  their	  transcriptional	  profile	  in	  hindlimb	  explants	  dosed	  with	  different	  Shh	  treatments,	   using	   the	   same	  methodology.	  Hindlimb	   explants	   show	   a	   full	   range	   of	  responses	  to	  Shh	  signalling	  over	  a	  shorter	  period	  of	  time	  (Fig.	  18).	  Desensitisation	  to	  Shh	  signalling	  (as	  measured	  by	  Ptch1	  and	  Gli1	  expression)	  is	  already	  apparent	  in	  hindlimb	  explants	  dosed	  with	  2,	   4	   or	  8nM	  Shh	   after	   16	  hours.	   	  Of	   the	   genes	   that	  clustered	  with	  Ptch1	   in	   the	   hindlimb	   only	  Gli1	  was	   present	   in	   both	   forelimb	   and	  hindlimb	   ‘Ptch1-­‐like’	   profiles,	   though,	   Hoxa13,	   Eya1	   and	   Fgf10	   also	   clustered	   to	  ‘Ptch1-­‐like’	   in	   hindlimb	   explants	   (Fig.	   21).	   However,	   many	   of	   the	   genes	   which	  clustered	  with	   	   ‘Ptch1-­‐like’	  and	   ‘Hoxd13-­‐like’	   forelimb	  profiles,	  also	  clustered	  with	  the	  hindlimb	  ‘Hoxd13-­‐like’	  profile	  including	  Ptch2,	  Hhip,	  Gli1,	  Bmp2,	  Figf,	  Hoxd11-­‐13,	  
Hoxa13,	   Hand2	   and	   Tbx3	   which	   are	   expressed	   posteriorly	   (Fig.	   21).	   Genes	  predicted	  to	  be	  expressed	  in	  the	  posterior	  of	  the	  hindlimb	  were	  thus	  largely	  over-­‐lapping	  with	  those	  of	  the	  forelimb,	  though	  Fgf18	  and	  Hoxa9,	  were	  notable	  additions	  to,	   and	  Foxf1	  and	  Foxl1,	  notable	   absences	   from,	   hindlimb	   lists.	   However,	  Fgf18	   is	  expressed	   in	   a	   broad	   intermediate	   domain	   in	   both	   forelimbs	   and	   hindlimbs,	  highlighting	   this	   analysis	   is	   not	   entirely	   free	   of	   false-­‐positive	   or	   false-­‐negative	  results.	  
Genes	  that	  were	  predicted	  to	  be	  expressed	  in	  a	  primary	  intermediate	  AP	  domain	  in	  the	  hindlimb	  were	  also	  similar	   to	   those	  predicted	   to	  be	  expressed	  at	   that	   level	   in	  the	   forelimb.	   Genes	   of	   particular	   interest	   were	   the	   transcription	   factors	   Foxc2,	  
Foxo6	   and	   Runx2.	   Surprisingly,	   BMP	   antagonists	   Smoc1	   and	   Tsku	   were	   not	  clustered	   to	   these	   profiles.	   However,	   this	   was	   not	   reflected	   in	   the	   expression	  patterns	  of	   these	  genes	  (Fig.	  22,	  Chapter	  V,	  5.3).	  As	  with	   forelimb	  profiles,	  Grem1	  was	  the	  only	  gene	  known	  to	  be	  involved	  in	  limb	  development	  that	  was	  predicted	  to	  be	   expressed	   in	   a	   secondary	   intermediate	   domain.	   Interestingly,	   Foxo6	  was	   also	  predicted	   to	   be	   expressed	   in	   a	   secondary	   intermediate	   AP	   domain	   of	   hindlimbs.
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Figure	   21|	   Gene	   lists	   based	   on	   transcriptional	   profiles	   in	   hindlimb	   explants.	   (A)	  Predicted	  AP	  expression	  domains	  of	  genes	  based	  on	  their	  transcriptional	  profile:	  posterior	  (blue),	   primary	   intermediate	   (green),	   secondary	   intermediate	   (red),	   anterior	   (black).	   (B)	  Lists	   of	   genes	   subsetted	   on	   the	   similarity	   of	   their	   transcriptional	   profiles	   to	   the	  transcriptional	  profiles	  of	  reference	  genes	  and/or	  on	  the	  duration	  or	  level	  of	  Shh	  signalling	  that	   induces	   a	   peak	   response	   using	   R	   language	   and	   statistical	   environment.	   Exemplary	  transcriptional	   profiles	   and	   reference	   genes/peak	   conditions	   are	   shown	   above	   gene	   lists.	  Genes	  that	  are	  known	  to	  be	  expressed	   in	   their	  predicted	  domain	  are	  shown	  in	  bold.	  Gene	  lists	   are	   ordered	   by	   greatest	   difference	   in	   normalised	   read	   counts	   between	   the	   Shh	  treatment	  that	  induces	  peak	  response	  and	  control	  -­‐	  the	  top	  40	  ranked	  are	  shown.	  Ptch1_like	  conditions	   specify	   a	   peak	   response	   at	   8nM	   Shh	   after	   16	   hours	  with	   temporal	   adaptation	  observed	   in	   explants	   dosed	   with	   2nM,	   4nM	   and	   8nM	   Shh	   (**).	   Hoxd13_like	   conditions	  specify	  a	  peak	  response	  at	  8nM	  Shh	  after	  16	  hours	  with	   temporal	  adaptation	  observed	   in	  explants	  dosed	  with	  2nM	  Shh	  (*).	  Novel,	  unnamed	  genes	  are	  described	  as	  "na".	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!!!!Alx4_like !2nM_Peak !Grem1_like 6hr_Peak !Smoc1_like !!!Foxc2_like Hoxd13_like !!Ptch1_like
0nM_/Peak 2nM/16hr/Peak/ 2nM/12/16hr/Peak/ 8nM_6hr/Peak 4nM_12/16hr/Peak 8nM_12hr/Peak 8nM_16hr/Peak* 8nM_16hr/Peak**
1///////////LHX9 1!!!!!!!!!!!!FOXO6 1//////////GREM1 1!!!!!!!!!!!!NGFR 1!!!!!!!!!!!LIX1 1!!!!!!!!!!!GLI1 1///////////PTCH2 1//////////PTCH1
2!!!!!!!!!!!PTX3 2!!!!!!!!!!!!!!FST 2!!!!!!!!!!PITX2 2!!!!!!!!!!!!NDNF 2!!!!!!!!C1QTNF5 2!!!!!!!!!!PTCH1 2////////////HHIP 2///////////GLI1
3////////////GSC 3!!!!!!!!!!!!CYTL1 3!!!!!!!!!!LITAF 3!!!!!!!!!!!!!!na 3!!!!!!!!SPATA13 3!!!!!!!!!!AMER2 3!!!!!!!!!!EFEMP1 3!!!!!!!!!!AMER2
4!!!!!!!!MAB21L1 4!!!!!!!!!!!!RUNX2 4!!!!!!!!!!!!PGF 4!!!!!!!!!!!CNGA3 4!!!!!!!!!IL1RL1 4!!!!!!!!!!!IGF2 4//////////HOXD13 4/////////HOXA13
5///////////MSX2 5!!!!!!!!!!KIRREL3 5!!!!!!!!!!!MSI1 5!!!!!!!!!CORTBP2 5!!!!!!!KIAA0513 5!!!!!!!!!!!EYA1 5////////////GLI1 5!!!!!!!!ADAMTS9
6!!!!!!!!!!GDPD4 6!!!!!!!!!!!!!PIM1 6!!!!!!!!!!!!!na 6!!!!!!!!!!!KCNK5 6!!!!!!!!!GPRIN3 6!!!!!!!!!!!HAS2 6////////////BMP2 6!!!!!!!!!!!EYA1
7!!!!!!!!!ANTXR1 7!!!!!!!!!!!!!HES4 7!!!!!!!!ARHGEF9 7!!!!!!!!!!FBRSL1 7!!!!!!!!!!PAMR1 7!!!!!!!!!!RBPJL 7////////////FIGF 7!!!!!!!!!!FGF10
8!!!!!!!!!!!LMO3 8!!!!!!!!!!!GNPDA1 8!!!!!!!!!CCDC19 8!!!!!!!!!!!!MSI1 8!!!!!!!!!DNAJC6 8!!!!!!!!GRAMD1C 8!!!!!!!!!!!AMER2 8!!!!!!!!GRAMD1C
9!!!!!!!!!!!!TOX 9!!!!!!!!!!SIGMAR1 9!!!!!!!!!!!!!na 9!!!!!!!!!!!FBXL7 9!!!!!!!!!!!!!na 9!!!!!!!!!!!HES4 9//////////HOXD12 9!!!!!!!!!!CPLX2
10!!!!!!!!!MERTK 10!!!!!!!!!!AGPAT5 10!!!!!!!!!!!!na 10!!!!!!!!!!PLCG1 10!!!!!!!!PODXL2 10!!!!!!!!HOXA13 10!!!!!!!!!HS3ST2 10!!!!!!!!MGAT4A
11//////////GAS1 11!!!!!!!!!!WDYHV1 11!!!!!!!!!MANBA 11!!!!!!!!AFAP1L1 11!!!!!!!!!!RAC2 11!!!!!!!KIRREL3 11//////////HAND2 11!!!!!!!!!!!!na
12/////////DISP1 12!!!!!!!!!!!MMP17 12!!!!!!!HSPA12A 12!!!!!!!!!SH3BP5 12!!!!!!!!!CALR3 12!!!!!!!!!CYTL1 12!!!!!!!!!!FGF18 12!!!!!!!!!RBPJL
13//////////GAS1 13!!!!!!!!ARHGAP26 13!!!!!!!SLC45A3 13!!!!!!!!ARHGEF9 13!!!!!!!!!!NRG1 13!!!!!!!!!!!FST 13///////////TBX3 13!!!!!!!!!!RFFL
14/////////GLIS1 14!!!!!!!!!!PFKFB3 14!!!!!!!CCDC164 14!!!!!!!!!CCDC19 14!!!!!C14ORF159 14!!!!!!!!!!RFFL 14/////////HOXD11 14!!!!!!!!SUPT3H
15!!!!!!!!!!CD82 15!!!!!!!!!!!!SV2B 15!!!!!!!!!TTC12 15!!!!!!!!!!SH2B2 15!!!!!!!!!HMGB2 15!!!!!!!!!MORN5 15/////////HOXA13 15!!!!!!!COL13A1
16//////////IRX5 16!!!!!!!!!!!!!!na 16!!!!!!!!!!!!na 16!!!!!!!TMEM106C 16!!!!C3H6ORF174 16!!!!!!!!!KCNJ3 16!!!!!!!!!NANOS1 16!!!!!!!!SCPEP1
17!!!!!!!!!KAT6B 17!!!!!!!!!!BRD3 17!!!!!!!!!!!!!na 17!!!!!!!!!!PAWR 17!!!!!!!!!FOXO6 17!!!!!!!!!!!LMO1 17!!!!!!!!!SKAP2
18!!!!!!!!!!EBF2 18!!!!!!!!!CAND2 18!!!!!!!!!!!TLE1 18!!!!!!!!!!!!na 18!!!!!!!!!!SDC3 18!!!!!!!!ADAMTS9 18!!!!!!!!MAN1A1
19!!!!!!ADAMTS18 19!!!!!!!!!ABTB2 19!!!!!!!!!!!TLL1 19!!!!!!!!!OLFM3 19!!!!!!!!SCPEP1 19!!!!!!!!!!FGF10 19!!!!!!!!DEPDC1
20//////////ZIC3 20!!!!!!!!LSM14B 20!!!!!!!!!ZNF521 20!!!!!!!!!!!!na 20!!!!!!!!MGAT4A 20!!!!!!!!!PDZRN4 20!!!!!!!!!ACER3
21//////////ZIC3 21!!!!!!!!DTNBP1 21!!!!!!!!!!GALK2 21!!!!!!!!!DHX58 21!!!!!!!!!!!!na 21!!!!!!!!FAM101B 21!!!!!!!!!HOXA9
22!!!!!!!!!PLCD3 22!!!!!!!!TBC1D8 22!!!!!!!!!!PTPN5 22!!!!!!!!!!MPP6 22!!!!!!!!!!ASB9 22!!!!!!!!!MGAT4A 22!!!!!!!!VPS26A
23!!!!!!!!!!PAK1 23!!!!!!!ADPRHL2 23!!!!!!!!!STRADB 23!!!!!!!!DYX1C1 23!!!!!!!!!!PIM1 23!!!!!!!!!!RAMP1 23!!!!!!!ERCC6L2
24/////////ALXJ4 24!!!!!!!!NUDT13 24!!!!!!!!!!MANBA 24!!!!!!!!!!MLF1 24!!!!!!!!!SKAP2 24!!!!!!!!!SEMA6A 24!!!!!!!!!DINB1
25!!!!!!!FILIP1L 25!!!!!!C10ORF12 25!!!!!!!!TBC1D24 25!!!!!!!!!ALDOB 25!!!!!!!!!RUNX2 25!!!!!!!SLC25A22 25!!!!!!KIAA1919
26!!!!!!!!SRD5A3 26!!!!!!!!!SPSB4 26!!!!!!!!HSPA12A 26!!!!!!!!!SRSF4 26!!!!!!!!!ABCC3 26!!!!!!!!!!!!!na 26!!!!!!!!!NR3C2
27!!!!!!ARHGAP18 27!!!!!!!!CUEDC1 27!!!!!!!!SLC45A3 27!!!!!!!SLC19A2 27!!!!!!!!SUPT3H 27!!!!!!!!!PRSS23 27!!!!!!CCDC102A
28!!!!!!!!!DACH1 28!!!!!!!!!!TAF8 28!!!!!!!!!!!EXD2 28!!!!!!!!!!!!na 28!!!!!!!!!TSPAN9 28!!!!!!!!!!PDCL
29!!!!!!!!!PRRX1 29!!!!!!!!!NAIF1 29!!!!!!!!!!WDR89 29!!!!!!!!AGPAT5 29!!!!!!!!!!REV3L
30!!!!!!!!!!PAK6 30!!!!!!!SLC44A1 30!!!!!!!!!SEMA3E 30!!!!!!!ERCC6L2 30!!!!!PDZ_Unchar
31!!!!!!!!!!SOX5 31!!!!!!!!YEATS2 31!!!!!!!!!!!GBE1 31!!!!!!!!GNPDA1 31!!!!!!!!!!ACER3
32!!!!!!!!!!LY6E 32!!!!!!!!!STAT6 32!!!!!!!!!!MATN4 32!!!!!!!SIGMAR1 32!!!!!!!!!!HOXA9
33!!!!!!!!!!!!na 33!!!!!!!CCDC135 33!!!!!!!!CCDC164 33!!!!!!!!!TPCN2 33!!!!!!!!!VPS26A
34!!!!!!!!PPP4R4 34!!!!!!!!ZRANB3 34!!!!!!!!!!!!!na 34!!!!!!!!WDYHV1 34!!!!!!!!!!SCN8A
35!!!!!!!!!!TP63 35!!!!C1H11ORF67 35!!!!!!!!!!!!!na 35!!!!!!!COL13A1 35!!!!!!!!!!DINB1
36!!!!!!!!GLIPR1 36!!!!!!!!!!NEK8 36!!!!!!!!!!!!AGL 36!!!!!!!!!MMP17 36!!!!!!!KIAA1919
37!!!!!!!!!TIMP3 37!!!!!!!!!ACAA1 37!!!!!!!!!!BTBD3 37!!!!!!ARHGAP26 37!!!!!!!CCDC102A
38//////////SOX6 38!!!!!!!!ALKBH5 38!!!!!!!!!!CAND2 38!!!!!!!!GLT1D1 38!!!!!!!!!RNF19A
39!!!!!!!!!!WNK2 39!!!!!!!!!!TPX2 39!!!!!!!!!!!JAK2 39!!!!CSGALNACT2 39!!!!!!!!!!!RGMB
40!!!!!!!!LINGO3 40!!!!!!!!MAP4K4 40!!!!!!!!METTL16 40!!!!!!!!!!SV2B 40!!!!!!!!!DIAPH3
































!!!!Alx4_like !2n _Peak !Grem1_like 6hr_Peak !S oc1_like !!!Foxc2_like Hoxd13_like !!Ptch1_like
0nM_/Peak 2nM/16hr/Peak/ 2nM/12/16hr/Peak/ 8nM_6hr/Peak 4nM_12/16hr/Peak 8nM_12hr/Peak 8nM_16hr/Peak* 8nM_16hr/Peak**
1///////////LHX9 1!!!!!!!!!!!!FOXO6 1//////////GREM1 1!!!!!!!!!!!!NGFR 1!!!!!!!!!!!LIX1 1!!!!!!!!!!!GLI1 1///////////PTCH2 1//////////PTCH1
2!!!!!!!!!!!PTX3 2!!!!!!!!!!!!!!FST 2!!!!!!!!!!PITX2 2!!!!!!!!!!!!NDNF 2!!!!!!!!C1QTNF5 2!!!!!!!!!!PTCH1 2////////////HHIP 2///////////GLI1
3////////////GSC 3!!!!!!!!!!!!CYTL1 3!!!!!!!!!!LITAF 3!!!!!!!!!!!!!!na 3!!!!!!!!SPATA13 3!!!!!!!!!!AMER2 3!!!!!!!!!!EFEMP1 3!!!!!!!!!!AMER2
4!!!!!!!!MAB21L1 4 ! !!!! UNX2 4 ! !!!!PGF 4! !! !!!CNGA3 4 !!!!!!IL1RL1 4 ! !IGF2 4 / HOXD13 4/////////HOXA13
5///////////MSX2 5!!!!!!!!!!KIRREL3 5!!!!!!!!!!!MSI1 5!!!!!!!!!CORTBP2 5!!!!!!!KIAA0513 5!!!!!!!!!!!EYA1 5////////////GLI1 5!!!!!!!!ADAMTS9
6!!!!!!!!!!GDPD4 6!!!!!!!!!!!!!PIM1 6!!!!!!!!!!!!!na 6!!!!!!!!!!!KCNK5 6!!!!!!!!!GPRIN3 6!!!!!!!!!!!HAS2 6////////////BMP2 6!!!!!!!!!!!EYA1
7!!!!!!!!!ANTXR1 7!!!!!!!!!!!!!HES4 7!!!!!!!!ARHGEF9 7!!!!!!!!!!FBRSL1 7!!!!!!!!!!PAMR1 7!!!!!!!!!!RBPJL 7////////////FIGF 7!!!!!!!!!!FGF10
8!!!!!!!!!!!LMO3 8!!!!!!!!!!! NPDA1 8!!!!!!!!!CCDC19 8!!!!!!!!!!!!MSI 8!!!!!!!!!DNAJC6 8!!!!!!!!GRAMD1C 8!!!!!!!!!!!AMER2 8!!!!!!!!GR MD1C
9!!!!!!!!!!!!TOX 9!!!!!!!!!!SIGMAR1 9!!!!!!!!!!!!!na 9!!!!!!!!!!! BXL7 9!!!!!!!!!!!!!na 9!!!!!!!!!!!HES4 9////////// OXD12 9!!!!!!!!!!CPLX2
10!!!!!!!!!MERTK 10!!!!!!!!!!AGPAT5 10!!!!!!!!!!!!na 10!!!!!!!!!!PLCG1 10!!!!!!!!PODXL2 10!!!!!!!!HOXA13 10!!!!!!!!!HS3ST2 10!!!!!!!!MGAT4A
11//////////GAS1 11!!!!!!!!!!WDY.. 11!!!!!!!!!MANBA 11!!!!!!!!AFAP1L1 11!!!!!!!!!!RAC2 11!!!!!!!KIRREL3 11//////////HAND2 11!!!!!!!!!!!!na
12/////////DISP1 12!!!!!!!!!!!MMP.. 12!!!!!!!HSPA12A 12!!!!!!!!!SH3BP5 12!!!!!!!!!CALR3 12!!!!!!!!!CYTL1 12!!!!!!!!!!FGF18 12!!!!!!!!!RBPJL
13//////////GAS1 3!!!!!!!!ARHGA.. 13!!!!!!!SLC45A3 3!!!!!!!!ARHGE.. 13!!!!!!!!!!N G1 3!!!!!!!!!!!FST 3///////////TBX3 13!!!!!!!!!!RFFL
14/////////GLIS1 14!!!!!!!!!!PFKFB3 14!!!!!!!CC C164 4!!!!!!!!!CCDC19 14!!!!!C14O F.. 4!!!!!!!!!!RFFL 4/////////HOXD11 14!!!!!!!!SUPT3H
15!!!!!!!!!!CD82 15!!!!!!!!!!!!SV2B 15!!!!!!!!!TTC12 15!!!!!!!!!!SH2B2 15!!!!!!!!!HMGB2 15!!!!!!!!!MORN5 15/////////HOXA13 15!!!!!!!COL13A1
16//////////IRX5 16!!!!!!!!!!!!!!na 16!!!!!!!!!!!!na 16!!!!!!!TMEM1.. 16!!!!C3H6ORF.. 16!!!!!!!!!KCNJ3 16!!!!!!!!!NANOS1 16!!!!!!!!SCPEP1
17!!!!!!!!!KAT6B 17!!!!!!!!!!BRD3 17!!!!!!!!!!!!!na 17!!!!!!!!!!PAWR 17!!!!!!!!!FOXO6 17!!!!!!!!!!!LMO1 17!!!!!!!!!SKAP2
18!!!!!!!!!!EBF2 18!!!!!!!!! AND2 18!!!!!!!!!!! LE1 18!!!!!!!!!!!!na 18!!!!!!!!!! DC3 18!!!!!!!!AD M.. 18!!!!!!!!MAN1A1
19!!!!!!AD MT.. 19!!!!!!!!!ABTB2 19!!!!!!!!!!!TLL1 19!!!!!!!!!OLFM3 19!!!!!!!!SCPEP1 19!!!!!!!!!!FGF 0 19!!!!!!!!DEPDC1
20//////////ZIC3 20!!!!!!!!LSM14B 20!!!!!!!!!ZNF521 20!!!!!!!!!!!!na 20!!!!!!!!MGAT4A 20!!!!!!!!!PDZRN4 20!!!!!!!!!ACER3
21//////////ZIC3 21!!!!!!!!DTNBP1 21!!!!!!!!!!GALK2 21!!!!!!!!!DHX58 21!!!!!!!!!!!!na 21!!!!!!!!FAM10.. 21!!!!!!!!!HOXA9
22!!!!!!!!!PLCD3 22!!!!!!!!TBC1D8 22!!!!!!!!!!PTPN5 22!!!!!!!!!!MPP6 22!!!!!!!!!!ASB9 22!!!!!!!!!MGAT4A 22!!!!!!!!VPS26A
23!!!!!!!!!!PAK 23!!!!!!!ADPRHL2 3!!!!!!!!!STRADB 23!!!!!!!!DYX1C1 3!!!!!!!!!!PIM1 3!!!!!!!!!!R MP1 23!!!!!!!ER C6L2
24/////////ALXJ4 24!!!!!!!!NUDT13 4!!!!!!!!!!MANBA 24!!!!!!!!!!MLF1 4!!!!!!!!!SK P2 4!!!!!!!!!SEMA6A 24!!!!!!!!!DINB1
25!!!!!!!FILIP1L 25!!!!!!C10ORF12 25!!!!!!!!TBC1D24 25!!!!!!!!!ALDOB 25!!!!!!!!!RUNX2 25!!!!!!!SLC25A22 25!!!!!!KIAA1919
26!!!!!!!!SRD5A3 26!!!!!!!!!SPSB4 26!!!!!!!!HSPA12A 26!!!!!!!!!SRSF4 26!!!!!!!!!ABCC3 26!!!!!!!!!!!!!na 26!!!!!!!!!NR3C2
27!!!!!!ARHGA.. 27!!!!!!!!CUEDC1 27!!!!!!!!SLC45A3 27!!!!!!!SLC19A2 27!!!!!!!!SUPT3H 27!!!!!!!!!PRSS23 27!!!!!!CCDC102A
28! ! !DACH1 28 ! !!!!!TAF8 28 ! !!EXD2 28 ! !!!!!na 28 !! !TSP N9 28!!!!!!!!!!PDCL
29!!!!!!!!!PRRX1 29!!!!!!!!!NAIF1 29!!!!!!!!!!WDR89 29!!!!!!!!AGP T5 29!!!!!!!!!!REV3L
30!!!!!!!!!!PAK6 30!!!!!!!SLC44A1 30!!!!!!!!!SEMA3E 30!!!!!!!ERCC6L2 30!!!!!PDZ_Unch.
31!!!!!!!!!!SOX5 31!!!!!!!!YEATS2 31!!!!!!!!!!!GBE1 31!!!!!!!!GNPDA1 31!!!!!!!!!!ACER3
32!!!!!!!!!!LY6E 32!!!!!!!!!STAT6 32!!!!!!!!!!MATN4 32!!!!!!!SIGMAR1 32!!!!!!!!!!HOXA9
33! ! !!!!na 33 ! !!CCDC135 33 !! !CCDC 64 33 ! !TPCN2 33 !! !!VPS26A
34!!!!!!!!PPP4R4 34!!!!!!!!ZRANB3 34!!!!!!!!!!!!!na 34!!!!!!!!WDYHV1 34!!!!!!!!!!SCN8A
35!!!!!!!!!!TP63 35!!!!C1H11OR.. 35!!!!!!!!!!!!!na 35!!!!!!!COL13A1 35!!!!!!!!!!DINB1
36!!!!!!!!GLIPR1 36!!!!!!!!!!NEK8 36!!!!!!!!!!!!AGL 36!!!!!!!!!MMP17 36!!!!!!!KIAA1919
37!!!!!!!!!TIMP3 37!!!!!!!!!ACAA1 37!!!!!!!!!!BTBD3 37!!!!!!ARHGAP.. 37!!!!!!!CCDC1..
38//////////SOX6 38!!!!!!!!ALKBH5 38!!!!!!!!!!CAND2 38!!!!!!!!GLT1D1 38!!!!!!!!!RNF19A
39!!!!!!!!!!WNK2 39!!!!!!!!!!TPX2 39!!!!!!!!!!!JAK2 39!!!!CSGALNA.. 39!!!!!!!!!!!RGMB
40!!!!!!!!LINGO3 40!!!!!!!!MAP4K4 40!!!!!!!!METTL16 40!!!!!!!!!!SV2B 40!!!!!!!!!DIAPH3
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Genes	  that	  clustered	  with	  the	  ‘Alx-­‐4-­‐like’	  profile	  and	  are	  predicted	  to	  be	  expressed	  in	  the	  anterior	  of	  the	  hindlimb	  were	  also	  largely	  overlapping	  with	  genes	  predicted	  to	   be	   expressed	   in	   the	   anterior	   of	   forelimbs.	   Notable	   additions	   to	   hindlimb	   lists	  included	  Lhx9,	   Irx5	   and	   Zic3,	  all	   of	  which	   are	   expressed	   posteriorly	   in	   both	   limb	  buds	  (Bertuzzi	  et	  al.,	  1999;	  Li	  et	  al.,	  2014a;	  Wang	  et	  al.,	  2011).	  	  
5.3	  Candidate	  targets	  of	  Shh	  signalling	  are	  expressed	  in	  distinct	  AP	  
domains	  in	  chicken	  limb	  buds	  consistent	  with	  predictions	  
To	  determine	   if	  genes	  are	  expressed	   in	  the	  domain	  that	  was	  predicted	  by	   in	  silico	  analysis	   I	   used	   whole	   mount	   in	   situ	  hybridisation	   to	   determine	   the	   endogenous	  expression	  domains	  of	  select	  genes	  of	  interest	  from	  gene	  lists.	  In	  particular	  I	  aimed	  to	   uncover	   genes	  not	   previously	   identified	   as	   being	   targets	   of	   Shh	   signalling	   that	  may	  have	  an	  undetermined	  role	  in	  marking	  or	  establishing	  different	  digit	  identities.	  	  
In	   this	   thesis	   I	   have	   focused	   my	   analysis	   on	   transcription	   factors	   and	   genes	  involved	  in	  major	  signalling	  pathways,	  as	  these	  are	  most	   likely	  to	  specify	  or	  mark	  individual	   digit	   identities.	   It	   has	   been	   proposed	   that	   different	   levels	   of	   Shh	  signalling	   specify	   different	   digit	   identities	   by	   instructing	   limb	   progenitors	   to	  differentiate	   into	   specific	   cell	   types	   (Wolpert,	   1969).	   This	   is	   achieved	   by	   altering	  the	   transcriptional	   profiles	   and	   therefore	   behaviour	   and	   characteristics	   of	   cells,	  instructing	  them	  to	  become	  progenitors	  of	  specific	  digits.	  It	  is	  widely	  accepted	  that	  genes	   that	   will	   have	   the	   most	   profound	   effect	   on	   progenitors	   individual	  characteristics	   will	   be	   transcription	   factors	   and	   proteins	   involved	   in	   major	  signalling	  pathways.	   These	  proteins	   can	   regulate	   the	   transcription	  of	  many	  other	  genes	  and	  thus	  regulation	  of	  these	  genes	  represents	  the	  most	  efficient	  way	  to	  make	  global	  changes	  to	  a	  progenitor’s	  transcriptional	  profile.	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Of	  the	  genes	  predicted	  to	  be	  expressed	  in	  a	  posterior	  domain,	  Foxf1	  and	  Lhx6	  were	  the	  highest	  ranked	  transcription	  factors,	  not	  to	  have	  been	  previously	  reported	  to	  be	  expressed	  posteriorly.	  Interestingly,	  two	  other	  Fox	  transcription	  factors,	  Foxc2	  and	  
Foxo6	  were	  the	  only	  transcription	  factors	  to	  show	  a	  peak	  response	  to	  intermediate	  levels	   of	   Shh	   signalling.	   A	   role	   for	   Fox	   family	   transcription	   factors	   in	   limb	  development	   has	   not	   previously	   been	   reported.	   Meanwhile,	   BMP	   antagonists	  
Smoc1	   and	   Tsku,	   which	   show	   a	   peak	   response	   to	   intermediate	   levels	   of	   Shh	  signalling,	  are	  predicted	  to	  be	  expressed	  at	  a	  primary	  intermediate	  AP	  level	  within	  the	  limb.	  BMP	  antagonists	  are	  interesting	  candidate	  targets	  of	  Shh	  signalling	  given	  the	  essential	  role	  of	  BMPs	  and	  BMP	  antagonist	  Grem1	  in	  limb	  development.	  	  
Of	   the	   genes	   predicted	   to	   be	   expressed	   in	   an	   anterior	   domain	   Mab21l1	   and	  
Mab21l2	   were	   the	   only	   homeotic	   genes	   or	   transcription	   factors	   that	   have	   not	  previously	  been	  implicated	  downstream	  of	  Shh	  signalling	  or	  in	  limb	  development.	  Finally,	   Hs3st2,	   predicted	   to	   have	   a	   posterior	   expression,	   also	   represented	   a	  potentially	   interesting	   line	   of	   investigation	   as	   the	   enzyme	   encoded	   by	   this	   gene	  generates	   a	  myriad	   of	   distinct	   heparan	   sulphate	   fine	   structures	   found	   on	  HSPGs.	  HSPGs	   are	   extracellular	   proteins	   capable	   of	   binding	   signalling	  molecules	   through	  heparan	   sulphate	   structures,	   thereby	   influencing	   signalling	   pathways.	   HSPGs	   are	  required	   for	   the	   spread	  of	   Shh	   through	   tissues	   (Bischoff	   et	   al.,	   2013;	  Briscoe	   and	  Thérond,	  2013;	  Dreyfuss	  et	  al.,	  2009).	  	  
Accordingly	   I	  used	   in	  situ	  hybridisation	   to	   investigate	   the	  endogenous	  expression	  patterns	  of	  Foxf1,	  Lhx6,	  Foxc2,	  Foxo6,	  Smoc1,	  Tsku,	  Mab21l1	  and	  Hs3st2	  in	   chicken	  embryos	  at	  stages	  HH19,	  HH21	  and	  HH22	  –	  covering	  the	  period	  of	  Shh	  patterning	  activity.	   In	   situ	  hybridisation	   templates	   for	   c.Foxc2,	   c.Foxf1	  and	   c.Foxo6	  were	   not	  commercially	   available.	   To	   investigate	   the	   endogenous	   expression	   pattern	   of	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c.Foxc2,	  c.Foxf1	  and	  c.Foxo6	  I	  cloned	  a	  ~500bp	  region	  of	  the	  cDNA	  of	  each	  gene	  into	  a	  pBluescript	  II	  SK	  expression	  vector	  (Appendix	  5-­‐7).	  	  
Foxf1	   expression	   was	   not	   detected	   in	   chicken	   forelimb	   and	   hindlimbs	   buds	   at	  stages	  HH19,	   HH21	   or	  HH22	   (Fig.	   22).	   Strong	   expression	   in	   the	   gastro-­‐intestinal	  tract	  was	   seen	  however,	   providing	   a	   positive	   control	   (Fig.	   22).	  Hs3st2	  expression	  was	  not	  detected	   in	   stage	  HH19	   limb	  buds	  but	  weak	  expression	  was	  observed	  at	  stage	  HH21	  and	  HH22.	  Surprisingly,	   this	  was	  not	   in	   the	  most	  posterior	  portion	  of	  the	  limb	  bud	  as	  expected,	  but	  at	  an	  intermediate	  and	  more	  proximal	  region	  of	  the	  limb	  bud	  (Fig.	  22).	  Interestingly,	  Hs3st2	  expression	  was	  broader	  in	  stage	  HH22	  limb	  buds	  than	  it	  was	  in	  equivalent	  hindlimb	  buds	  (Fig.	  22).	  Weak	  Lhx6	  expression	  was	  observed	   in	   the	   distal	   posterior	   of	   stage	  HH19	   and	  HH21	   limb	  buds	   and	   became	  more	   pronounced	   at	   stage	   HH22.	   However,	   high	   background	   staining	   was	   also	  observed	  in	  these	  embryos	  due	  to	  the	  long	  development	  time	  required	  (Fig.	  22).	  	  	  
Tsku	  expression	  was	  observed	  in	  the	  posterior	  of	  stage	  HH19	  forelimbs	  but	  was	  not	  detected	  in	  hindlimbs	  at	  this	  stage.	  In	  stage	  HH21	  forelimb	  and	  hindlimb	  buds,	  Tsku	  expression	  was	  seen	  at	  the	  most	  distal	  margin	  of	  limb	  buds	  at	  an	  intermediate	  AP	  level,	   as	   predicted	   by	   in	   silico	   analysis.	   Tsku	   expression	   was	   not	   detected	   in	   the	  most	   posterior	   or	   the	  most	   anterior	  margins	   of	   limb	   buds	   at	   this	   stage	   (Fig.	   22).	  Expression	  of	  Tsku	  was	  broader	  in	  stage	  HH22	  limb	  buds,	  but	  maintained	  a	  distal-­‐intermediate	  AP	  expression	  pattern	  (Fig.	  22).	  	  
Smoc1	  was	   robustly	   expressed	   in	   an	   intermediate	   AP	   domain	   in	   forelimbs	   and	  hindlimbs	   at	   stages	   HH19,	   HH21	   and	   HH22,	   as	   predicted.	   As	   with	   Tsku,	   Smoc1	  expression	  was	  absent	  from	  the	  most	  posterior	  and	  most	  anterior	  portions	  of	  limb	  buds.	  Interestingly,	  a	  dorsal	  bias	  was	  observed	  in	  Smoc1	  expression	  in	  stage	  HH21	  limb	  buds,	  which	  became	  less	  pronounced	  by	  HH22	  (Fig.	  22).	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Figure	   22	   |	   In	   situ	   hybridisation	   expression	   patterns	   of	   genes	   predicted	   to	   be	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Foxc2	   expression	   was	   not	   detected	   in	   either	   limb	   bud	   at	   stage	   HH19	   but	   was	  expressed	  in	  a	  discrete	  domain	  that	  was	  proximal,	  but	  at	  an	  intermediate	  AP	  level,	  as	  predicted,	  at	  stages	  HH21	  and	  HH22.	  Foxo6	  expression	  was	  not	  detected	  in	  stage	  HH19	  or	  HH21	   forelimb	  or	  hindlimb	  buds.	  However,	   expression	  was	  observed	   in	  stage	  HH22	   limbs	   in	   a	   secondary	   intermediate-­‐AP	   domain	   that	  was	   broader	   and	  more	  distal	   than	   the	  Foxc2	   domain	  and	   represented	  a	  distinct	  population	  of	   cells	  (Fig.	   22).	   The	   expression	   pattern	   of	   Foxo6	   was	   similar	   to	   that	   of	   Grem1.	  Interestingly,	   Foxo6	   expression	   showed	   ventral	   bias	   and	   showed	   stronger	  expression	  in	  forelimb	  buds	  (Fig.	  22).	  
As	   predicted,	  Mab21l1	  expression	   was	   observed	   in	   the	   anterior	   domain	   of	   stage	  HH19	   forelimb	   buds,	   although	  was	   absent	   from	  hindlimb	   buds	   at	   this	   stage	   (Fig.	  22).	  Unexpectedly,	   expression	  of	  Mab21l1	  expanded	  posteriorly	   across	   limb	  buds	  to	   occupy	   a	   broad	   expression	   domain	   at	   stages	   HH21	   and	   HH22.	   Notably,	  expression	  was	  absent	  from	  the	  most	  posterior	  and	  the	  most	  distal	  margins	  of	  both	  forelimb	  and	  hindlimb	  buds	  at	  these	  stages	  (Fig.	  22).	  	  
5.4	  Attempt	  to	  mis-­‐express	  Smoc1	  in	  the	  developing	  forelimb	  bud	  	  
Of	  the	  candidate	  genes	  lists,	  I	  was	  most	  interested	  in	  genes	  that	  were	  predicted	  to	  show	  a	  peak	  response	  to	   intermediate	   levels	  of	  Shh	  signalling	  as	  these	  genes	  may	  be	   involved	   in	   specifying	   middle	   digit	   identities,	   which	   has	   not	   been	   previously	  described.	   Smoc1	   showed	   the	   most	   robust	   intermediate	   AP	   expression	   of	   these	  genes	   via	   in	   situ	   hybridisation	   analysis	   and	   as	   a	   BMP	   antagonist	   could	   play	   an	  important	  role	  in	  limb	  development	  (Fig.	  22).	  	  
The	   intermediate	   AP	   expression	   domain	   of	   Smoc1	   suggested	   that	   it	   could	   be	  implicated	   in	   specifying	   middle	   digit	   identities.	   Mutations	   in	   Smoc1	   have	   been	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linked	   to	  patients	  with	  Waardenburg	   syndrome,	  who	  have	  abnormally	  developed	  middle	  digits	  and	  lack	  a	  second	  digit	   in	  their	  feet	  (Abouzeid	  et	  al.,	  2011;	  Okada	  et	  al.,	   2011;	   Rainger	   et	   al.,	   2011).	   Smoc1	   mutant	   mice	   also	   exhibit	   abnormal	  development	   of	  middle	   digits,	   which	   are	   less	   clearly	   patterned	   and	   lack	   either	   a	  digit	  2	  or	   a	  digit	  3	   in	   the	  hindlimbs	   (Okada	  et	   al.,	   2011).	  These	  data	   suggest	   that	  Smoc1	  expression	  in	  response	  to	  medium	  levels	  of	  Shh	  signalling	  is	  required	  for	  the	  normal	  development	  of	  middle	  digits.	  
To	   attempt	   to	   determine	   if	   Smoc1	   is	   sufficient	   to	   specify	   middle	   digits,	   I	   mis-­‐expressed	  Smoc1	   in	   stage	  HH14	   chicken	   forelimbs	  by	   electroporating	   a	   construct	  expressing	  Smoc1,	  CMV-­‐Smoc1-­‐Sport6	  (Source	  Bioscience),	  into	  a	  cavity	  adjacent	  to	  the	  forelimb-­‐forming	  region	  (Fig.	  23A).	  	  CMV-­‐Smoc1-­‐Sport6	  was	  co-­‐electroporated	  with	  a	  construct	  expressing	  Red	  Fluorescent	  Protein	  (RFP),	  to	  identify	  successfully	  targeted	  forelimbs.	  Embryos	  were	  left	  to	  develop	  until	  stage	  HH36	  where	  possible.	  Unfortunately,	   few	   embryos	   survived	   until	   a	   stage	   where	   potential	   limb	  phenotypes	  could	  be	  analysed.	  	  
Of	  the	  embryos	  successfully	  co-­‐electroporated	  with	  CMV-­‐Smoc1-­‐Sport6,	  only	  three	  survived	   until	   stage	   HH25	   or	   later	   and	   none	   beyond	   stage	   HH30.	   	   Of	   these,	   two	  embryos	   exhibited	   affected	   right	   (electroporated)	   forelimbs.	   In	   one	   embryo,	   a	  narrowing	   of	   the	   AP	   axis	   of	   the	   limb	   bud	   was	   observed	   compared	   to	   the	   left	  forelimb	  bud	   at	   stage	  HH25	   (Fig.	   23B).	   Conversely,	   a	   second	   embryo	  displayed	   a	  truncated	  ‘hammer-­‐head’	  shape,	  which	  featured	  narrow	  outgrowths	  at	  the	  anterior	  and	   posterior	   distal	   margins	   of	   the	   limb	   bud	   at	   stage	   HH30	   (Fig.	   23C).	   A	   third	  embryo	   exhibited	   a	   normally	   formed	   limb	   bud,	   but	   that	   had	   developed	   pointing	  dorsally.	   This	   appeared	   to	   be	   a	   side	   effect	   of	   electroporation	   rather	   than	   Smoc1	  mis-­‐expression.	   Limbs	   electroporated	   with	   the	   reporter	   construct	   alone	   that	  developed	  until	  stage	  HH33	  or	  beyond	  exhibited	  normal	  morphologies,	  although	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Figure	  23|	  Affects	  of	  mis-­‐expressing	  Smoc1	   in	  the	  chicken	  forelimb.	  (A)	  Experimental	  schematic.	  CMV_Smoc1_Sport6	  plasmid	  was	   injected	   into	  a	  cavity	  adjacent	   to	   the	   forelimb	  forming	   region	   of	   stage	   HH14	   chicken	   embryos	   and	  was	   co-­‐electroporated	   into	   forelimb	  progenitors	   with	   a	   reporter	   construct	   expressing	   RFP.	   Successfully	   targeted	   limbs	   were	  identified	   by	   RFP	   expression	   (orange).	   (B)	   A	   normal,	   stage	   HH25	   left	   wing	   bud	   and	   an	  affected	   right	   wing	   bud	   (*),	   following	   co-­‐electroporation	   of	   Smoc1	   and	   RFP	   expressing	  constructs	   (n=1).	   (C)	  A	  normal,	   stage	  HH30	   left	  wing	  bud	   and	   a	   differently	   affected	   right	  wing	  bud	  (*),	  following	  co-­‐electroporation	  of	  Smoc1	  and	  RFP	  expressing	  constructs	  (n=1).	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were	  truncated	  along	  the	  PD	  axis	  (n=2,	  data	  not	  shown).	  Given	  these	  difficulties	   I	  have	  begun	  to	  attempt	  to	  address	  this	  question	  using	  a	  transient	  transgenic	  mouse	  approach.	  Unfortunately,	  results	  are	  yet	  to	  be	  obtained	  from	  this	  is	  on-­‐going	  study,	  but	  an	  overview	  of	  my	  strategy	  is	  discussed	  (Discussion	  6.4).	  	  	  
5.5	   Transcriptional	   targets	   of	   Shh	   signalling	   are	   expressed	   in	   the	  
pharyngeal	  arches	  	  
Whilst	   examining	   the	   expression	   of	   predicted	   targets	   of	   Shh	   signalling	   by	  whole	  mount	   in	   situ	   hybridisation,	   it	   was	   apparent	   that	   several	   transcripts	   were	  expressed	   in	   the	   first	   and/or	   second	  pharyngeal	   arches	   as	  well	   as	   the	   limb	  buds.	  
Shh	   is	   expressed	   in	   a	   distinct	   stripe	   at	   the	   posterior	   endodermal	   boarder	   of	   the	  second	   pharyngeal	   arch	   from	   stage	  HH15	   onwards	   (Veitch	   et	   al.,	   1999;	  Wall	   and	  Hogan,	   1995).	   However,	   downstream	   targets	   of	   Shh	   signalling	   in	   the	   pharyngeal	  arches	  have	  not	  been	  thoroughly	  investigated.	  	  To	  examine	  downstream	  targets	  of	  Shh	   signalling	   in	   the	   pharyngeal	   arches	   and	   to	   compare	   these	   to	   targets	   of	   Shh	  signalling	   in	   the	   limb	   I	   analysed	   in	   situ	   hybridisation	   patterns	   of	   stage	   HH19	  chicken	   embryos,	   focusing	   on	   expression	  within	   the	   first	   and	   second	   pharyngeal	  arches.	  	  
As	  expected,	  direct	  readouts	  of	  Shh	  signalling,	  Gli1,	  Ptch1	  and	  Ptch2	  were	  expressed	  in	  a	  domain	  that	  coincided	  with	  the	  domain	  of	  Shh	  expression	  (Fig.	  24A,	  and	  data	  not	  shown).	  Foxo6	  and	  Tsku,	  which	  were	  expressed	  at	  an	  intermediate	  AP	  level	   in	  limb	  buds,	  and	  Has2,	  which	  was	  predicted	   to	  be	  expressed	  at	  an	   intermediate	  AP	  level	  in	  limb	  buds,	  were	  also	  expressed	  in	  a	  domain	  consistent	  with	  Shh	  expression	  (Fig.	  20,	  Fig.	  24B).	  Conversely,	  Foxc2	  and	  Smoc1,	  which	  were	  also	  expressed	  at	  an	  intermediate	   AP	   level	   in	   limb	   buds,	  were	   expressed	   in	   the	   dorsal	   anterior	   of	   the	  second	  pharyngeal	  arch	  and	  adjacently	  in	  the	  dorsal	  posterior	  of	  the	  first	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Figure	  24|	  Common	  targets	  of	  Shh	  signalling	  in	  the	  limb	  and	  the	  pharyngeal	  arches.	  Expression	  of	  Shh	  transcriptional	  targets	  in	  the	  first	  (I)	  and	  second	  (II)	  pharyngeal	  arches	  of	  stage	  HH19	  chicken	  embryos	  as	  determined	  by	  whole	  mount	   in	  situ	  hybridisations	   (n=3).	  (A)	   Expression	   pattern	   of	   Shh	   and	   direct	   targets	   of	   Shh	   signalling,	   Ptch1	   and	   Ptch2.	   (B)	  
Foxo6,	  Tsku	  and	  Has2,	  which	  were	  predicted	  to	  be	  expressed	  at	  a	  intermediary	  AP	  level	   in	  the	  limb,	  were	  expressed	  in	  a	  similar	  domain	  to	  Shh,	  Ptch1	  and	  Ptch2.	  (C)	  Foxc2,	  Smoc1	  and	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pharyngeal	  arch	  (Fig.	  24C).	  Similarly,	  Mab21l1,	  which	  was	  expressed	  in	  the	  anterior	  of	   limb	  buds	   at	   stage	  HH18,	  was	   expressed	   in	   an	   area	   consistent	  with	  Foxc2	  and	  
Smoc1	   expression,	   and	   also	   more	   broadly	   across	   the	   first	   pharyngeal	   arch	   (Fig.	  24C).	  	  
Foxf1,	  Hs3st2	  and	  Cntfr	  expression	  was	  not	  detected	  in	  the	  pharyngeal	  arches	  (data	  not	   shown).	   Hmgn5	   was	   broadly	   expressed	   throughout	   the	   first	   and	   second	  pharyngeal	  arches,	  consistent	  with	   its	  broad	  expression	   in	   limb	  buds,	  whilst	  Lhx6	  was	  not	  expressed	  in	  the	  pharyngeal	  arches,	  but	  was	  strongly	  expressed	  anterior	  to	  this	   (data	   not	   shown).	   These	   data	   suggest	   that	   Shh	   signalling	   induces	   the	  expression	  of	  common	  targets	   in	  different	   tissues	  and	  supports	  a	  model	   in	  which	  specific	  genes	  are	  expressed	  in	  response	  to	  different	  levels	  of	  Shh	  signalling.	  	  
In	   this	   chapter	   I	   have	  used	  different	   in	  silico	  analyses	   to	   identify	   candidate	   genes	  that	  are	  predicted	  to	  be	  expressed	  at	  specific	  AP	  levels	  based	  on	  their	  responses	  to	  different	   levels	   of	   Shh	   signalling.	   Of	   most	   interest,	   different	   Fox	   transcription	  factors,	   BMP	   antagonists	   and	   HSPG	   generating	   enzymes	   are	   predicted	   to	   be	  expressed	  in	  different	  AP	  domains	  in	  response	  to	  different	  levels	  of	  Shh	  signalling.	  Of	  these	  candidates,	  I	  have	  shown	  that	  Smoc1,	  Foxc2,	  Foxo6	  and	  Tsku	  are	  expressed	  at	  a	  primary	  intermediate	  AP	  level	  by	  in	  situ	  hybridisation,	  as	  predicted	  by	  in	  silico	  analysis.	  Unfortunately,	  attempts	   to	  determine	   the	  sufficiency	  of	  Smoc1	  to	  specify	  middle	  digits	  identities	  have	  been	  inconclusive.	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6.1	   Differences	   in	   Shh	   signalling	   between	   chicken	   forelimb	   and	  
hindlimb	  buds	  
The	   forelimbs	   and	   hindlimbs	   of	   vertebrates	   arise	   from	   common	   mesodermal	  origins	   and	   are	   patterned	   by	   conserved	   signalling	   centres,	   yet,	   ultimately	   form	  distinct	  morphological	   structures.	   The	   clearest	   differences	   are	   seen	   in	   structures	  that	   are	   patterned	   by	   the	   Shh	   morphogen.	   	   This	   is	   particularly	   the	   case	   for	   the	  chicken,	   which	   features	   different	   numbers	   of	   digits	   in	   its	   respective	   limbs.	   To	  attempt	   to	   understand	   how	   different	   morphologies	   can	   arise	   from	   conserved	  genetic	  networks	  I	  investigated	  potential	  differences	  in	  the	  Shh	  signalling	  dynamics	  of	   chicken	   forelimb	   and	   hindlimb	   buds	   during	   Shh	   patterning	   stages	   including	  differences	  in	  the	  size	  of	  morphogen	  fields,	  morphogen	  production	  and	  range	  and	  the	  response	  of	  progenitors	  to	  Shh	  signalling.	  	  	  
Here,	   I	  report	  that	  chicken	  hindlimb	  buds	  are	  marginally,	  but	  reproducibly	   larger,	  than	  forelimb	  buds	  during	  Shh	  patterning	  stages	  and	  that	  this	  is	  predominantly	  the	  consequence	   of	   a	   broader	   AP	   axis	   that	   is	   observed	   in	   hindlimb	   buds	   (Fig.	   5).	  	  However,	  more	  substantial	  differences	   in	   the	  size	  of	   the	  respective	   limbs	  buds	  do	  not	  become	  apparent	  until	  stage	  HH24	  onwards	  (Fig.	  5).	  	  
Using	   two	   measures,	   there	   was	   no	   apparent	   difference	   in	   the	   amount	   of	   Shh	  produced	   by	   respective	   limb	   buds	   during	   patterning	   stages.	   No	   significant	  difference	   in	   the	   levels	   of	   Shh	   transcripts	   between	   respective	   limbs	   was	  measurable	   by	   qPCR	   analysis	   (Fig.	   7)	   and	   the	   size	   of	   Shh	  expression	   domains	   in	  forelimbs	  and	  hindlimbs	  are	  remarkably	  similar,	  suggesting	  an	  equivalent	  number	  of	   cells	   produce	   similar	   amounts	   of	   Shh	   in	   respective	   limb	   buds	   (Fig.	   6,	   8).	  Interestingly,	  Shh	  transcripts	  were	  observed	  at	  consistent	  levels	  from	  stages	  HH18-­‐22	  in	  both	  limbs	  by	  qPCR,	  suggesting	  that	  Shh	  is	  produced	  at	  a	  constant	  rate	  in	  both	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limbs	  during	  patterning	  stages	  (Fig.	  7).	   	  Whilst,	   temporal	   trends	  can	  be	   identified	  via	  qPCR,	  it	  may	  not	  be	  sensitive	  enough	  to	  distinguish	  differences	  in	  levels	  of	  Shh	  expression	  between	   limb	   types	  and	   this	   experiment	   is	   further	   subject	   to	  possible	  inaccuracies	   in	   dissections.	   Additionally,	   levels	   of	   transcripts	  may	   not	   reflect	   the	  concentrations	   of	   protein	   in	   respective	   limb	   buds.	   However,	   it	   is	   difficult	   to	  accurately	   measure	   the	   absolute	   concentrations	   of	   secreted	   proteins	   in	   vivo.	   To	  circumvent	   these	   problems	   I	   attempted	   to	   measure	   the	   levels	   of	   Shh	   targets	   by	  qPCR.	  
The	  expression	  levels	  of	  direct	  transcriptional	  read	  outs	  of	  Shh	  signalling	  Ptch1	  and	  
Gli,	  as	  measured	  by	  qPCR	  (Fig.	  7),	  and	  the	  sizes	  of	  Ptch2	  expression	  domains	  were	  also	  equivalent	  in	  forelimb	  and	  hindlimb	  buds	  during	  Shh	  patterning	  stages	  (Fig.	  6,	  8E).	  	  This	  supports	  the	  model	  that	  limb	  progenitors	  are	  subject	  to	  equivalent	  levels	  of	  Shh	  signalling	  during	  this	  period.	  Interestingly,	  in	  both	  limbs	  the	  levels	  of	  Ptch1	  and	  Gli1	  transcripts	  continued	  to	  rise	  over	  this	  period,	  despite	  Shh	  levels	  remaining	  constant.	   This	   suggests	   the	   transcriptional	   response	   to	   Shh	   accumulates	   with	  increased	  durations	  of	  Shh	  signalling.	  	  
Interestingly,	   Shh	   and	   Ptch2	   expression	   domains	   appeared	   to	   occupy	   a	   larger	  proportion	   of	   the	   total	   limb	  bud	   area	   (AP-­‐PD)	   in	   forelimb	  buds	   than	   in	   hindlimb	  buds	   at	   Shh	   patterning	   stages	   –	   though,	   this	   was	   slight	   (Fig.	   8C,	   F).	   This	   could	  suggest	   that	   a	   greater	   proportion	   of	   forelimb	   progenitors	   are	   subject	   to	   Shh	  signalling	  in	  chicken	  forelimb	  buds	  than	  in	  hindlimb	  buds.	  Consistently,	  all	  digits	  in	  the	   chicken	   forelimb	   are	   Shh	   dependent	   whereas	   digit	   1	   of	   the	   hindlimb	   forms	  independently	  of	  Shh	  signalling	  (Ros	  et	  al.,	  2003).	  Moreover,	  progenitors	  that	  give	  rise	  to	  digit	  1	  of	  the	  hindlimb	  originate	  from	  a	  relatively	  more	  anterior	  domain	  than	  progenitors	  which	  give	  rise	  to	  digit	  1	  of	  the	  chicken	  forelimb	  (Nomura	  et	  al.,	  2014;	  Vargesson	   et	   al.,	   1997b).	   It	   would	   be	   interesting	   to	   attempt	   to	   correlate	   Shh	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response	  domains	  with	  fate	  maps	  of	  digit	  forming	  regions	  in	  respective	  limb	  buds	  (Vargesson	  et	  al.,	  1997b).	  Moreover,	  this	  raises	  an	  additional	  question	  on	  how	  the	  shape	   and	   size	   of	   a	  morphogen	   field	  may	   alter	   its	   ultimate	  morphological	   output	  when	  subject	  to	  equivalent	  levels	  of	  morphogen	  signalling.	  	  
However,	  the	  methods	  I	  have	  used	  are	  too	  limited	  to	  draw	  firm	  conclusions.	  Firstly,	  
in	   situ	  hybridisation	   can	   only	   provide	   qualitative	   data	   on	   the	   presence	   of	   target	  transcripts	   and	   cannot	   accurately	   quantify	   the	   level	   of	   transcripts	   in	   cells	   nor	  account	  for	  post-­‐transcriptional	  differences,	  which	  might	  alter	  amounts	  of	  protein.	  Moreover,	  determining	  the	  expression	  domains	  of	  transcripts	  is	  susceptible	  to	  the	  variations	   of	   the	   in	   situ	   hybridisation	   technique	   and	   is	   subject	   to	   arbitrary	  thresholds	  of	  what	  is	  considered	  signal	  above	  background.	  Despite	  these	  technical	  limitations,	  measurements	  were	   actually	   remarkably	   reproducible,	   in	   part	   due	   to	  the	   clear	   expression	   patterns	   of	   Shh	   and	   Ptch2.	   I	   have	   also,	   to	   an	   extent,	  circumvented	   these	   issues	   by	   indirectly	   measuring	   the	   amount	   of	   Shh	   protein	  through	  analysis	  of	  the	  expression	  of	  direct	  read	  outs	  of	  Shh	  signalling	  by	  qPCR	  and	  
in	  situ	  hybridisation.	  Nonetheless,	  directly	  measuring	  the	  quantities	  of	  Shh	  and	  Gli	  proteins,	   would	   give	   a	  more	   insightful	   analysis	   into	   differences	   in	   Shh	   signalling	  between	   the	   limbs.	   This	   was	   not	   possible	   using	   Shh::GFP	   and	   Gli	   Binding	   Site	  (GBS)::GFP	  mice	  in	  the	  limb	  (Chamberlain	  et	  al.	  2008;	  data	  not	  shown-­‐	  see	  chapter	  3.2),	   and	  will	   require	   reliable	   antibodies,	   which	   at	   present	   are	   not	   commercially	  available.	   Furthermore,	   to	   gain	   a	   full	   understanding,	   this	   should	   be	   measured	  across	  all	   three	  axes	  of	   limb	  buds	  using	  optical	  project	  tomography	  (Sharpe	  et	  al.,	  2002)	  or	  an	  alternative	  3D	  imaging	  method.	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The	  chicken	  hindlimb	  appears	  to	  be	  patterned	  faster	  than	  the	  forelimb	  
Here,	   I	  demonstrate	   that	  Shh	   is	   expressed	   for	  a	   shorter	  period	  of	   time	   in	   chicken	  hindlimb	  buds	   compared	   to	   forelimb	  buds	   (Fig.	   6).	   Importantly,	   the	   onset	   of	  Shh	  expression	  is	  delayed	  in	  chicken	  hindlimbs	  by	  approximately	  3	  hours	  compared	  to	  forelimbs	   (Fig.	  6).	  Despite	   this,	   the	  hindlimb	   is	   completely	  patterned	  sooner	   than	  the	   forelimb.	   Limb	   buds	   treated	   with	   the	   potent	   inhibitor	   of	   Shh	   signalling,	  cyclopamine,	  15	  hours	  after	  the	  onset	  of	  Shh	  expression	  display	  normally	  patterned	  hindlimbs	  but	  disrupted	  patterning	   in	  digit	  3	  of	   the	   forelimb	  (Scherz	  et	  al.,	  2007;	  Towers	   et	   al.,	   2011).	  Expression	  of	  Shh	   in	   chicken	  hindlimb	  buds	  also	   terminates	  sooner	   than	   in	   forelimbs	   though	   this	   occurs	   beyond	   the	   patterning	   phase	   of	   Shh	  activity	  (Fig,	  6).	  These	  data	  demonstrate	  that	  fully	  patterned	  hindlimbs	  arise	  after	  a	  shorter	   duration	   of	   Shh	   signalling	   than	   forelimbs	   and	   suggests	   that	   chicken	  hindlimbs	  develop	  at	  a	  faster	  rate	  than	  forelimbs.	  	  	  
Consistently,	  the	  footplate	  is	  more	  easily	  distinguished	  at	  an	  earlier	  time	  point	  than	  the	   handplate,	   and	   an	   absence	   of	   Gli1	   and	   Ptch2	   expression	   in	   a	   digit-­‐shaped	  domain	  -­‐	  which	  may	  reflect	  a	  condensation	  of	  cells	  in	  an	  emerging	  digit	  which	  have	  begun	  to	  differentiate	  and	  have	  stopped	  responding	  to	  Shh	  signalling	  -­‐	  is	  observed	  at	   an	   earlier	   time	   point	   in	   chicken	   hindlimb	   buds	   (Fig.	   6).	   Interestingly,	   the	   first	  digit	  condensation	  in	  the	  mouse	   limb	  is	  more	  prominent	   in	  the	  hindlimb	  than	  the	  forelimb	   at	   E11.25	   (Zhu	   et	   al.,	   2008).	   Moreover,	   RNAseq	   results	   I	   report	   here	  suggest	   that	   chicken	   hindlimb	   progenitors	   show	   a	   full	   range	   of	   transcriptional	  responses	  to	  Shh	  signalling	  over	  a	  shorter	  period	  of	  time,	  consistent	  with	  a	  model	  in	  which	   the	  chicken	  hindlimb	   is	  patterned	  and	  develops	  at	  a	   faster	  rate	   than	   the	  forelimb	   (Fig.	   19,	   Discussion	   6.5).	   	   To	   provide	   further	   evidence	   that	   chicken	  hindlimbs	   develop	   faster	   than	   forelimbs	   it	   would	   be	   useful	   to	   perform	   a	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comparative	  time	  series	  on	  the	  emergence	  of	  digit	  condensations	  in	  respective	  limb	  buds	  using	  Sox9	  expression	  as	  a	  marker	  of	  chondrogenesis.	  	  
I	   demonstrate	   that	   the	   onset	   of	   Shh	   expression	   in	   chick	   hindlimbs	   is	   delayed	  relative	   to	   the	   forelimb.	   In	   this	  body	  of	  work	   I	  have	  not	  attempted	   to	  answer	   the	  question	   of	   why	   this	   is	   the	   case	   and	   whether	   Shh	   is	   regulated	   differently	   in	  hindlimbs	   compared	   to	   forelimbs.	   Expression	   of	   Shh	   in	   vertebrate	   limbs	   is	  controlled	   by	   a	   long	   range	   enhancer	   designated	   the	   ZRS	   (Lettice	   et	   al.,	   2003),	  though	  it	  is	  not	  clear	  what	  factors	  are	  required	  to	  occupy	  this	  enhancer	  to	  initiate	  
Shh	  expression.	  Hand2	  and	  retinoic	  acid	  have	  been	  proposed	  as	  factors	  required	  to	  initiate	   Shh	   expression,	   however	   no	   obvious	   difference	   in	   the	   timing	   of	   Hand2	  expression	   is	  observed	  between	   the	   forelimb	  and	  hindlimb	  of	   the	  chick	  or	  mouse	  (Bell	  et	  al.,	  2004;	  Chiang	  et	  al.,	  2001).	  Retinoic	  acid	  has	  been	  shown	  to	  induce	  Shh	  expression	  and	  it	  has	  been	  proposed	  that	  retinoic	  acid	  secreted	  from	  axial	  tissues	  is	  responsible	   for	   initiating	  Shh	  expression	   in	   the	   limbs	  and	   is	  required	   for	   forelimb	  and	  hindlimb	  outgrowth	   (Chinnaiya	  et	  al.,	   2014;	  Nishimoto	  et	  al.,	   2015;	  Riddle	  et	  al.,	  1993).	  It	  has	  been	  well	  characterised	  that	  axial	  tissues	  of	  vertebrates	  develop	  in	  a	  rostro	  to	  caudal	  sequence	  and	  it	  is	  thus	  possible	  that	  retinoic	  acid	  or	  other	  axial	  signals,	  are	  secreted	  at	  a	  developmentally	  later	  time	  point	  from	  more	  caudal	  axial	  tissues.	  This	  may	  account	  for	  the	  apparent	  delay	  in	  the	  onset	  of	  Shh	  expression	  in	  the	  chick	  hindlimb	  bud.	  
6.2	  Establishing	  a	  graded	  response	  to	  the	  Shh	  morphogen	  gradient	  
in	  vertebrate	  limbs	  
The	   Shh	   morphogen	   is	   traditionally	   thought	   to	   instruct	   positional	   information	  through	   a	   concentration	   gradient	   (Towers	   and	   Tickle,	   2009;	   Wolpert,	   1969).	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However,	   neural	   tube	   progenitors	   express	   transcription	   factors	   associated	   with	  more	  ventral	  fates	  when	  exposed	  to	  either	  high	  concentrations	  of	  Shh	  or	  prolonged	  durations	  Shh	  signalling	  and	  require	  continued	  Shh	  signalling	   to	  maintain	  ventral	  fates	  (Dessaud	  et	  al.,	  2007;	  Dessaud	  et	  al.,	  2010).	  Meanwhile,	  limb	  progenitors	  form	  increasingly	  posterior	  structures	  when	  subject	  to	  either	  increasing	  concentrations	  of	   Shh	   or	   increasing	   durations	   of	   Shh	   signalling	   (Harfe	   et	   al.,	   2004;	   Scherz	   et	   al.,	  2007;	  Towers	  et	  al.,	  2011;	  Yang	  et	  al.,	  1997).	  However,	  it	  is	  poorly	  understood	  how	  limb	  progenitors	  integrate	  differences	  in	  the	  levels	  and	  durations	  of	  Shh	  signalling	  at	  a	  molecular	  level.	  	  	  
Here,	  I	  show	  that	  a	  simple	  concentration	  gradient	  is	   insufficient	  to	  induce	  distinct	  transcriptional	   outputs	   in	   limb	   explants	   and	   that	   time	   is	   required	   to	   establish	   a	  graded	   response	   to	   the	  Shh	  morphogen	  gradient.	  After	  6	  hours	  of	   exposure,	   limb	  explants	   dosed	   with	   different	   concentrations	   of	   Shh	   did	   not	   show	   a	   significant	  difference	   in	   the	   levels	   of	   direct	   transcriptional	   read	   outs	   of	   Shh	   signalling,	  including	  Gli1,	  Ptch1/2	  and	  Hhip,	  as	  measured	  by	  RNAseq.	  In	  contrast,	  after	  12	  and	  16	  hours	  of	  exposure,	  explants	  exposed	  to	  the	  same	  concentration	  range	  elicited	  a	  graded	   response	   to	   increasing	   concentrations	   of	   Shh.	   At	   12	   and	   16	   hours,	   the	  lowest	  dose	  of	  Shh	  (2nM)	  induces	  low	  level	  expression	  of	  Gli1/Ptch1/2/Hhip	  that	  is	  only	   marginally	   above	   basal	   expression	   levels,	   seen	   in	   control	   explants.	   I	   have	  further	  observed	  that	  similar	  levels	  of	  Gli1	  expression	  are	  also	  observed	  in	  explants	  dosed	   with	   lower	   concentrations	   of	   Shh:	   1nM,	   0.5nM	   and	   0.25nM,	   for	   6	   hours,	  suggesting	  any	  concentration	  of	  Shh	  (presumably	  above	  a	  minimum	  threshold)	  will	  elicit	   a	   ‘maximal’	   response	   at	   this	   time	   point.	   I	   propose	   this	   is	   because	   an	  insufficient	   time	   has	   passed	   for	   detectable	   differences	   in	   levels	   of	   response	   to	  become	  apparent.	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Meanwhile,	   explants	   dosed	   with	   a	   higher	   concentration	   of	   Shh,	   16nM,	   exhibit	   a	  smaller	   increase	   in	   the	   level	   of	  Gli1	  expression	   after	   12-­‐16	   hours,	   suggesting	   this	  concentration	   is	   hitting	   the	   beginning	   of	   a	   plateau.	   Collectively	   these	   data	  demonstrate	  that	  the	  concentration	  range	  I	  have	  used	  is	  suitable	  and	  is	  likely	  to	  be	  physiologically	   relevant.	   It	   is	   interesting	   that	   the	   same	   concentration	   range	  produces	   different	   response	   curves	   at	   different	   time	   points.	   Namely,	   statistically	  indifferent	  responses	  after	  6	  hours,	  but	  a	  graded	  response	  after	  12	  or	  16	  hours	  of	  exposure.	   Here,	   I	   have	   termed	   this	   initial	   response	   after	   6	   hours	   as	   ‘binary’	   to	  describe	   that	   progenitors	   experiencing	   different	   levels	   of	   Shh	   signalling	   are	  exhibiting	   the	   same	   or	   statistically	   indifferent	   levels	   of	   response.	   Based	   on	   this	  observation,	   I	   suggest	   that	  in	   vivo,	  progenitors	   (at	   the	   earliest	   stage	  of	  Shh	  expression)	  subject	  to	  different	  concentrations	  of	  Shh	  will	  also	  exhibit	  very	  similar	   levels	   of	   response	   and	   consequently	   will	   be	   initially	   assigned	   the	   same	  identity.	  As	  such	  in	  the	  early	  limb	  bud,	  I	  propose	  2	  populations	  of	  progenitors	  exist:	  progenitors	  exposed	  to	  any	  concentration	  of	  Shh	  (above	  a	  minimum	  threshold)	  and	  progenitors	   not	   exposed	   to	   Shh.	   Over	   time,	   as	   progenitors	   produce	   a	   graded	  response	  to	  different	  concentrations	  of	  Shh,	  more	  individual	  identities	  are	  specified	  (Fig.	  25).	  
In	   neural	   tube	   progenitors,	   a	   temporal	   adaptation	   mechanism	   is	   required	   to	  produce	  a	  graded	  response	   to	  Shh	  signalling	   (Dessaud	  et	  al.,	  2007).	   In	   this	  model	  cells	  initially	  show	  a	  similar	  level	  of	  response	  to	  Shh	  but	  cells	  become	  desensitised	  to	  Shh	  signalling	  over	  time	  (decreasing	  levels	  of	  response)	  at	  a	  rate	  that	  is	  inversely	  proportional	  to	  the	  concentration	  of	  Shh	  they	  are	  exposed	  to	  (Fig.	  3A)	  (Dessaud	  et	  al.,	   2007).	   Here,	   I	   demonstrate	   that	   a	   graded	   response	   to	   Shh	   signalling	   in	   limb	  progenitors	   is	   achieved	   by	   a	   variation	   of	   temporal	   adaptation.	   Limb	   progenitors	  exposed	   to	   lower	   concentrations	   of	   Shh	   exhibit	   signal	   desensitisation	   at	   a	   rate	  
Chapter	  6:	  Discussion	  
	   154	  
inversely	  proportional	  to	  the	  Shh	  concentration	  they	  are	  exposed	  to	  (as	  per	  neural	  tube	  progenitors).	  However,	  Limb	  progenitors	  exposed	  to	  higher	  concentrations	  of	  Shh	  exhibit	   signal	   accumulation	  –	   the	   cumulative	  gain	  of	   signal	  output	   -­‐	   at	   a	   rate	  proportional	   to	   the	   Shh	   concentration	   they	   are	   exposed	   to	   (Fig.	   12,	   25).	   Limb	  progenitors	   exposed	   to	   high	   concentrations	   of	   Shh	   are	   predicted	   to	   eventually	  become	  desensitised	  to	  Shh	  signalling.	  I	  demonstrate	  this	  effect	  occurs	  in	  hindlimb	  explants	   (Fig.	  18).	   Importantly,	   as	  described	   in	   the	  neural	   tube,	   this	   signifies	   that	  cells	   experience	   a	   duration	   of	   active	   response	   to	   Shh	   (Gli	   activity)	   that	   is	  proportionate	  to	  the	  concentration	  of	  Shh	  they	  are	  exposed	  to.	  Thus,	  extracellular	  concentrations	   of	   Shh	   are	   translated	   into	   durations	   of	   intra-­‐cellular	   Gli	   activity	  integrating	  levels	  and	  durations	  of	  Shh	  signalling	  into	  a	  single	  input.	  These	  results	  are	   also	   consistent	   with	   a	   model	   in	   which	   limb	   progenitors	   are	   promoted	   to	  increasingly	   posterior	   fates	   by	   continued	   Shh	   signalling	   as	   previously	   proposed	  (Scherz	  et	  al.,	  2007;	  Towers	  and	  Tickle,	  2009;	  Towers	  et	  al.,	  2008;	  Yang	  et	  al.,	  1997)	  (Fig.	  25).	  
There	   is	   some	   in	   vivo	  evidence	   that	   supports	   a	  model	   in	  which	   limb	   progenitors	  become	  desensitised	  to	  extended	  Shh	  signalling.	  Gli1	  expression,	  a	  direct	  read	  out	  of	  Shh	  signalling,	  decreases	  in	  the	  posterior	  margin	  of	  stage	  22	  chick	  limbs	  (Marigo,	  Johnson,	  et	  al.	  1996;	  Marigo,	  Scott,	  et	  al.	  1996,	  Fig.6).	  Expression	  of	  Ptch1,	  however	  is	  maintained	  suggesting	  progenitors	  are	  still	  responding	  to	  Shh	  signalling	  but	  Gli1	  expression	  has	  become	  repressed	  as	  progenitors	  become	  desensitised	  to	  extended	  Shh	  signalling.	  This	   is	  consistent	  with	  observations	   in	   the	  mouse	  that	  progenitors	  that	   ultimately	   comprise	   digit	   5	   also	   become	   desensitised	   to	   extended	   Shh	  signalling	   as	   shown	  via	   a	  Gli1-­‐lacz	   reporter	   (Ahn	  and	   Joyner,	   2004).	  However,	  ex	  
vivo	  data	  suggests	   that	  cells	   that	  are	  exposed	   to	   the	   lowest	  concentrations	  of	  Shh	  become	   desensitised	   soonest,	   implying	   that	   progenitors	   that	   are	   more	   anterior	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should	   become	   desensitised	   to	   Shh	   signalling	   first.	   This	   would	   be	   harder	   to	  observe,	  as	  it	  would	  be	  more	  difficult	  to	  distinguish	  between	  cells	  that	  have	  become	  desensitised	  to	  Shh	  signalling	  and	  cells	  that	  are	  out	  of	  range	  of	  Shh	  signalling.	  You	  could	   attempt	   to	   observe	   desensitisation	   in	   vivo	  by	   using	   in	   situ	  hybridisation	   to	  measure	  the	  expression	  domains	  of	  Shh	  targets	  such	  as	  Gli1	  over	  time.	  This	  domain	  would	  be	  expected	  to	  reduce	  along	  its	  AP	  axis	  (as	  a	  proportion	  of	  the	  whole	  limb,	  since	   this	   is	   continuously	   growing)	   if	   anterior	   progenitors	   were	   becoming	  desensitised	   to	   Shh	   signalling.	   However,	   ex	   vivo	   data	   suggests	   progenitors	   that	  become	   desensitised	   to	   Shh	   only	   reduce	   expression	   of	   Shh	   targets	   and	   do	   not	  switch	  off	  expression	  entirely.	  This	  may	  not	  be	  detectable	  by	   in	  situ	  hybridisation	  given	   it	   is	   a	   qualitative	   and	   not	   a	   quantitative	   technique.	  Nonetheless,	   the	   in	   situ	  expression	   domains	   of	   Ptch2	   and	   Gli1,	   as	   a	   proportion	   of	   whole	   limb	   buds,	   do	  appear	   to	   decrease	   after	   Stage	   21,	   which	   also	   coincides	  with	   the	   end	   of	   the	   Shh	  patterning	   period	   (Fig.	   6,	   8)	   suggesting	   desensitisation	   could	   be	   occurring	   in	  anterior	   progenitors.	   Whilst	   the	   size	   of	   normalised	   Ptch2	   and	   Gli1	   expression	  domains	   increase	   again	   at	   stage	   24,	   this	   is	   after	   the	   Shh	   patterning	   period	   and	  would	  not	  be	  expected	  to	  have	  an	  effect	  on	  digit	  specification.	  	  
Different	   levels	   of	   response	   to	   Shh	   (measured	   by	   Gli	   activity)	   induces	   the	  expression	  of	  specific	  transcription	  factors	  which	  demarcate	  distinct	  neuronal	  cell	  sub-­‐types	  in	  the	  developing	  neural	  tube	  (Dessaud	  et	  al.,	  2007).	  There	  are	  no	  known	  molecular	  markers	  of	  individual	  digit	  identities	  in	  the	  limb	  at	  present,	  beyond	  what	  I	  describe	  here.	  Consequently,	   I	  was	  unable	   to	  determine	  whether	  different	   levels	  of	   response	   (measured	   by	   Gli1	   expression)	   specify	   different	   cell	   fates	   in	   limb	  progenitors.	   However,	   I	   demonstrate	   that	   genes	   that	   have	   been	   implicated	   in	  specifying	   different	   digit	   identities	   exhibit	   a	   non-­‐linear	   graded	   transcriptional	  response	   to	   different	   levels	   of	   Shh	   signalling	   in	   limb	   explants	   (Fig.	   17,	   18).	   This	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suggests	  temporal	  adaptation	  may	  be	  required	  for	  correct	  interpretation	  of	  the	  Shh	  morphogen	   in	   limb	  progenitors.	  Progenitor	  domains	  at	  different	  AP	   levels	   in	  vivo	  may	  exhibit	  different	   levels	  of	   these	  genes,	  which	  may	  be	   important	   in	  specifying	  the	   identity	   of	   the	   digit	   they	   ultimately	   give	   rise	   to.	   	   I	   have	   further	   used	   in	   silico	  analyses	   to	   uncover	   candidate	   genes	   that	   are	   expressed	   in	   response	   to	   different	  levels	  of	  Shh	  signalling	  and	  may	  be	  involved	  in	  specifying	  cell	  fates	  (Discussion	  6.4,	  Tables	   3-­‐6,	   Fig.	   20,	   21).	   A	   gradient	   based	   on	   temporal	   adaptation	   would	   be	  steepened	  by	  the	  movement	  of	  cells	  away	  from	  the	  ZPA.	  As	  cells	  move	  away	  from	  the	  ZPA	  they	  would	  experience	  lower	  levels	  of	  Shh	  signalling	  and	  would	  therefore	  more	  rapidly	  display	  desensitisation	  to	  Shh	  signalling.	  	  
These	  data	  and	  the	  observation	  that	  posterior	  digits	  can	  be	  induced	  by	  either	  high	  concentrations	  of	  Shh	  or	  long	  durations	  of	  Shh	  signalling	  support	  a	  model	  in	  which	  cumulative	  Gli	  activity	  specifies	  digit	  identities	  in	  the	  vertebrate	  limb,	  as	  has	  been	  proposed	   in	   the	   vertebrate	   neural	   tube	   (Dessaud	   et	   al.,	   2010)	   (Fig.	   25).	   This	   is	  consistent	  with	   the	  Temporal	  Expansion	  model	  of	  digit	   specification	   (Harfe	  et	   al.,	  2004;	   Scherz	   et	   al.,	   2007),	   in	   which	   anterior	   digits	   are	   specified	   by	   a	   Shh	  concentration	   gradient	   but	   different	   posterior	   digits	   are	   specified	   by	   different	  durations	  of	  high	  Shh	  signalling.	  	  
The	   temporal	   expansion	   model	   has	   been	   described	   as	   inconsistent	   with	   the	  biphasic	  model	   of	   Shh-­‐mediated	   digit	   patterning	   (Introduction	   1.3)	   (Towers	   and	  Tickle,	   2009;	   Zhu	   et	   al.,	   2008).	   The	   biphasic	   model	   proposes	   that	   mouse	   digit	  identities	  are	  specified	  early	  in	  limb	  development,	  by	  15	  hours	  of	  Shh	  activity,	  and	  thereafter	  Shh	  acts	  solely	  as	  a	  mitogen	  to	  expand	  the	  digit-­‐forming	  field	  (Zhu	  and	  Mackem,	  2011;	  Zhu	  et	  al.,	  2008).	  The	  data	  I	  present	  here	  suggests	  that	  populations	  of	  progenitors	   that	   show	  distinct	   transcriptional	  outputs	  based	  on	   cumulative	  Gli	  activity	  can	  be	  achieved	  in	  chicken	  limb	  progenitors	  within	  a	  similar	  time	  frame	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Figure	  25	  |	  Model	  of	  Shh	  morphogen	  gradient	  interpretation	  in	  the	  vertebrate	  limb.	  	  (A)	   Establishing	   populations	   of	   cells	   with	   distinct	   transcriptional	   outputs.	   At	   the	   earliest	  time	  point	  (t1),	  a	  binary	  response	  to	  Shh	  signalling	  is	  seen,	  cells	  respond	  equivalently	  to	  all	  concentrations	   of	   Shh	   (L=low	   [Shh],	   M=medium	   [Shh],	   H=	   high	   [Shh])	   (grey)	   or	   are	   not	  exposed	   to	   Shh	   signalling	   (white).	   At	   time	   point	   2	   (t2),	   two	   distinct	   cellular	   populations,	  responding	  to	  Shh	  signalling	  are	  seen	  (light	  grey	  and	  grey).	  Signal	  desensitisation	  decreases	  signal	  output	   in	   cells	   exposed	   to	   the	   lowest	   concentration	   (L)	  of	   Shh	   (light	   grey).	  At	   time	  point	   3	   (t3)	   a	   graded	   response	   is	   seen,	   three	   distinct	   cellular	   populations	   have	   arisen	   as	  signal	   desensitisation	   continues	   to	   decreases	   signal	   output	   in	   cells	   exposed	   to	   the	   lowest	  concentration	  of	  Shh	  (L)	  (light	  grey)	  whilst	  signal	  accumulation	  has	  increased	  signal	  output	  in	   cells	   exposed	   to	   the	   highest	   concentrations	   of	   Shh	   (H)	   (dark	   grey).	   Cells	   exposed	   to	  medium	  concentrations	  of	  Shh	  (M)	  maintain	  a	  consistent	  level	  of	  signal	  output	  throughout	  (grey).	   Shh	  morphogen	  concentration	   is	  denoted	  as	   follows:	   	  L=low,	  M=medium,	  H=	  high,	  whilst	   intensity	   of	   response	   to	   Shh	   signalling	   is	   denoted	   in	   grey-­‐scale.	   (B)	   Interpreting	   a	  graded	  response	  to	  Shh	  signalling.	  Different	  levels	  of	  signal	  output	  are	  achieved	  over	  time	  through	  a	  combination	  of	  signal	  accumulation	  in	  cells	  exposed	  to	  higher	  concentrations	  of	  Shh	   and	   signal	   desensitisation	   in	   those	   exposed	   to	   lower	   concentrations	   of	   Shh.	   Colours	  represent	  different	  anteroposterior	  (AP)	  cell	  fates	  (red-­‐blue)	  that	  result	  from	  distinct	  levels	  of	  signal	  output.	  In	  this	  model	  cells	  are	  initially	  undifferentiated	  (grey)	  and	  are	  promoted	  to	  increasingly	   posterior	   fates	   over	   time	   in	   the	   presence	   of	   continued	   higher	   level	   Shh	  signalling.	  
Intensity	  of	  response	  to	  Shh 
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(16	  hours).	  Therefore	  it	  may	  be	  possible	  that	  Shh	  specifies	  digit	  identities	  within	  a	  16-­‐hour	   window	   through	   cumulative	   Shh	   signalling.	   This	   would	   reconcile	   the	  previously	   opposing	  models.	   Interestingly,	   the	   biphasic	  model	   also	   proposes	   that	  the	   mouse	   hindlimb	   is	   patterned	   by	   Shh	   after	   only	   9	   hours	   of	   Shh	   activity.	  Consistently,	   the	  data	   I	   present	  here	   also	   suggests	   that	   the	  hindlimb	   is	  patterned	  over	  a	  shorter	  period	  of	  time	  (12	  hours)	  than	  the	  forelimb	  (Discussion	  6.5).	  	  
6.3	   The	   role	   of	   feedback	   mechanisms	   in	   correct	   morphogen	  
gradient	  interpretation	  
Temporal	  adaptation	  by	  ligand	  dependent	  antagonism	  	  
A	   temporal	   adaptation	  mechanism	   is	   critical	   for	   correct	   interpretation	  of	   the	  Shh	  morphogen	  gradient	  in	  the	  neural	  tube	  (Dessaud	  et	  al.,	  2007).	  Temporal	  adaptation	  has	  been	  shown	  to	  be	  mediated,	  at	  least	  in	  part,	  by	  Ptch1	  negative	  feedback,	  though	  Ptch2	   and	   Hhip	   mediated	   negative	   feedback	   is	   also	   required	   for	   correct	   DV	  patterning	   of	   the	   neural	   tube	   (Dessaud	   et	   al.,	   2007;	  Holtz	   et	   al.,	   2013;	   Jeong	   and	  McMahon,	   2005).	   Negative	   feedback	   through	   the	   downregulation	   of	   Shh	   co-­‐receptors	   Gas1,	   Cdon	   and	   Boc	   is	   also	   required	   for	   correct	   DV	   patterning	   in	   the	  neural	  tube	  (Allen	  et	  al.,	  2007;	  Allen	  et	  al.,	  2011).	  Negative	  feedback	  resulting	  from	  the	  upregulation	  of	  Ptch1,	  Ptch2	  and	  Hhip	  and	  the	  downregulation	  of	  co-­‐receptors	  
Gas1,	   Cdon	   and	   Boc	  has	   been	   collectively	   termed	   Ligand	   Dependant	   Antagonism	  (LDA)	  (Holtz	  et	  al.,	  2013;	  Jeong	  and	  McMahon,	  2005)	  (Fig.	  26,	  Introduction	  1.4).	  	  
Here,	   I	   show	   that	   a	   variation	   of	   temporal	   adaptation	   is	   required	   to	   establish	   a	  graded	   response	   to	   Shh	   signalling	   in	   limb	   progenitors	   (Fig.	   12,	   Discussion	   6.2).	   I	  further	   demonstrate	   that	  Ptch1,	  Ptch2	  and	  Hhip	  are	   strongly	   upregulated	   in	   limb	  explants	  exposed	  to	  recombinant	  Shh	  and	  could	  thus	  contribute	  to	  LDA	  and	  signal	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desensitisation	  in	  limb	  progenitors	  (Fig.	  12E,	  20,	  21).	  However,	  Hhip-­‐/-­‐	  mutants	  do	  not	   display	   a	   limb	   phenotype	   and	  Hhip	   transcripts	   are	   not	   detectable	   in	   chicken	  limb	  buds	  via	  whole	  mount	   in	  situ	  hybridisation	  (Aglyamova	  and	  Agarwala,	  2007;	  Jeong	  and	  McMahon,	  2005).	  Conversely,	  Ptch1	  and	  Ptch2	  are	  expressed	  posteriorly	  in	  limb	  bud	  and	  Ptch1	  and	  Ptch2	  hypomorphic	  mutants	  exhibit	  an	  expansion	  of	  Gli1	  and	  Ptch1	  expression	  domains	   in	   limb	  buds,	  which	   is	  an	  equivalent	  phenotype	   to	  the	   expansion	   of	   ventral	   domains	   in	   the	   neural	   tube	   observed	   in	   these	   mice	  (Butterfield	  et	  al.,	  2009;	  Holtz	  et	  al.,	  2013;	  Jeong	  and	  McMahon,	  2005;	  Nieuwenhuis	  et	  al.,	  2006).	  	  
Moreover,	  I	  show	  that	  disrupting	  the	  upregulation	  of	  Ptch1	  and	  Ptch2	  using	  siRNAs,	  reduces	   signal	  desensitisation	   in	   limb	  explants	  dosed	  with	  Shh,	   confirming	  a	   role	  for	  Ptch1/2-­‐mediated	  negative	   feedback	   in	   establishing	   temporal	   adaptation	   (Fig.	  14B).	   I	   further	   demonstrate	   that	   limb	   explants	   dosed	   with	   the	   Smo	   antagonist,	  purmorphamine,	   did	   not	   exhibit	   signal	   desensitisation	   (Fig.	   15B),	   demonstrating	  that	   the	   mechanism	   that	   controls	   signal	   desensitisation	   acts	   upstream	   of	   Smo	  activation.	   This	   provides	   further	   indirect	   evidence	   that	   Shh	   receptors	   and	   co-­‐receptors	   are	   implicated	   in	   mediating	   the	   negative	   feedback	   that	   influences	  temporal	   adaptation.	   	   These	   results	   suggest	   Ptch1	   and	   Ptch2,	   but	   not	   Hhip	  contribute	  to	  LDA	  and	  therefore	  adaptation,	  in	  the	  limb.	  
That	  Hhip	  expression	  is	  induced	  by	  Shh	  in	  ex	  vivo	  assays	  suggests	  that	  in	  an	  in	  vivo	  context	   an	   unknown	   factor	   may	   act	   to	   repress	   the	   upregulation	   of	   Hhip.	  Alternatively,	  Hhip	   expression	   in	   limb	   buds	   may	   be	   too	   low	   to	   detect	   by	   in	   situ	  hybridisation,	  whilst	  a	  potential	  role	  for	  Hhip	  in	  negative	  feedback	  may	  be	  masked	  by	  Ptch1/2	  compensation	   in	  Hhip-­‐/-­‐	  mutants.	   To	  more	   completely	   understand	   the	  individual	   contributions	   of	   Ptch1	   and	   Ptch2,	   and	   to	   conclusively	   determine	   the	  involvement	   of	   Hhip	   in	   LDA	   in	   the	   limb	   a	   series	   of	   experiments	   comparing	   the	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affects	  of	   siRNAs	   targeting	  Ptch1,	  Ptch2	  and	  Hhip	  individually	  and	   in	   combination	  on	  signalling	  output	  should	  be	  conducted.	  This	  however,	  was	  beyond	  the	  scope	  of	  this	   project.	   Such	   an	   experimental	   series	   would	   be	   more	   insightful	   if	   molecular	  markers	   of	   digit	   identities	   were	   discovered	   to	   clarify	   changes	   in	   morphogen	  interpretation.	  	  
Ptch1-­‐2	  and	  Hhip	  mediated	  negative	  feedback	  can	  act	  both	  cell-­‐autonomously	  and	  noncell-­‐autonomously	   (Ribes	   and	   Briscoe,	   2009).	   However,	   precisely	   how	   these	  receptors	  act	  cell-­‐autonomously	   is	  yet	   to	  be	  elucidated.	   It	  has	  been	  proposed	  that	  an	  abundance	  of	  Ptch1/2	  and	  Hhip	  at	  the	  cell	  membrane,	  induced	  by	  Shh	  signalling,	  could	   increase	   competition	   between	   ‘productive	   receptors’	   -­‐	   that	   are	   actively	  inhibiting	  Smo,	  until	  bound	  by	  Shh	   -­‐	   and	   ‘non-­‐productive’	   receptors	   -­‐	   that	  do	  not	  actively	   inhibit	   Smo,	   but	   are	   capable	   of	   binding	   Shh	   (Holtz	   et	   al.,	   2013).	   In	   this	  model	  a	  decrease	  in	  signal	  output	  (desensitisation)	  arises	  from	  the	  binding	  of	  Shh	  to	   ‘non-­‐productive’	   receptors,	   which	   cannot	   transduce	   Shh	   signalling.	   However,	  whilst	  Hhip	   is	   capable	   of	   binding	   Shh	   ligand	  but	   is	   unable	   to	   repress	   Smo,	   direct	  evidence	   of	   the	   existence	   of	   ‘non-­‐productive’	   patched	   receptors	   is	   yet	   to	   be	  obtained.	   Moreover,	   why	   this	   should	   affect	   explants	   exposed	   to	   lower	  concentrations	  of	  Shh	  is	  unclear.	  
Alternatively,	   Ptch-­‐mediated	   negative	   feedback	   may	   be	   directed	   through	   intra-­‐cellular	  concentrations	  of	  small	  molecule	  ligands,	  such	  as	  oxysterols,	  which	  may	  be	  altered	   by	   the	   ratio	   of	   bound:unbound	   Ptch	   receptors.	   In	   this	   model	   the	   intra-­‐cellular	  levels	  of	  such	  a	  ligand	  reaches	  a	  critical	  threshold,	  resulting	  in	  inhibition	  of	  Smo	  and	  termination	  of	  signal	  transduction.	  This	  model	  relies	  on	  Smo	  translocation	  and	   activation	   at	   the	   primary	   cilium	   being	   caused	   by	   a	   Ptch-­‐mediated	   influx	   of	  small	  molecule	  ligands,	  which	  is	  yet	  to	  be	  directly	  demonstrated.	  The	  mechanism	  of	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Patched-­‐mediated	   negative	   feedback	   cannot	   be	   resolved	   until	   a	   better	  understanding	  of	  Patched-­‐mediated	  repression	  of	  Smo	  is	  determined.	  
I	   also	   demonstrate	   that	   Gas1	   and	   Cdon	   are	   downregulated	   in	   response	   to	   Shh	  signalling	  in	   limb	  progenitors,	  but	  that	  Boc	  expression	  is	  unaffected.	  Interestingly,	  
Boc-­‐/-­‐,	  Cdon-­‐/-­‐	   and	  Cdon-­‐/-­‐;	  Boc-­‐/-­‐	  mice	   display	   no	   limb	   phenotype	  whereas	  Gas-­‐1-­‐/-­‐	  mice	  lack	  a	  digit	  2	  or	  digit	  3.	  This	  is	  exacerbated	  in	  Gas1-­‐/-­‐;	  Boc-­‐/-­‐	  mice,	  in	  which	  the	  remaining	  digit	  2	  or	  digit	  3	  has	   fused	  with	  digit	  4,	  but	  Gas1-­‐/-­‐;	  Cdon-­‐/-­‐	  mutants	  are	  phenotypically	   no	   different	   from	  Gas-­‐1-­‐/-­‐	   mutants	   (Allen	   et	   al.,	   2007;	   Allen	   et	   al.,	  2011).	  This	  suggests	  that	  Gas1	  plays	  an	  important	  role	  in	  Shh	  interpretation	  in	  the	  limb,	  and	  that	  Gas1	  can	  compensate	  for	  a	  lack	  of	  Cdon	  or	  Boc	  in	  the	  limb.	  Cdon	  and	  Boc	  however	  cannot	  compensate	  for	  loss	  of	  Gas1,	  but	  Boc	  has	  a	  role	  in	  the	  absence	  of	  Gas1.	  These	  data	  suggest	  that	  downregulation	  of	  Gas1	  by	  Shh	  provides	  the	  most	  profound	   contribution	   to	   LDA	  whilst	   Cdon	  may	   serve	   a	   redundant	   role	   and	   Boc,	  which	  is	  unaffected	  by	  Shh	  signalling,	  does	  not	  contribute	  to	  LDA	  in	  the	  limb.	  
Additional	  feedback	  mechanisms	  
Signal	   desensitisation	   is	   also	   observed	   in	   explants	   dosed	   with	   high	   levels	   of	  purmorphamine	  (Fig.	  15A,	  C)	  (Cohen	  et	  al.,	  2015;	  Dessaud	  et	  al.,	  2007),	  suggesting	  that	   alternative	   negative	   feedback	   mechanisms	   may	   exist	   	   downstream	   of	   Smo	  activation.	  To	  identify	  such	  mechanisms	  I	  examined	  the	  effect	  of	  Shh	  signalling	  on	  key	  components	  of	  the	  Shh	  signalling	  pathway.	  Here,	  I	  demonstrate	  that	  expression	  of	  Sufu	  is	  induced,	  but	  Disp1	  is	  repressed,	  in	  limb	  explants	  exposed	  to	  medium	  and	  high	   concentrations	   of	   Shh	   after	   12	   and	   16	   hours	   (Fig.	   16).	   Sufu	   is	   considered	   a	  negative	   regulator	   of	   Shh	   signalling	   (Chen	   et	   al.,	   2009;	   Jia	   et	   al.,	   2009),	   although	  recently	  it	  has	  been	  shown	  that	  it	  can	  also	  have	  a	  positive	  regulatory	  affect	  (Chen	  et	  al.,	   2009;	   Jia	   et	   al.,	   2009;	   Oh	   et	   al.,	   2015).	   Disp1	   meanwhile	   is	   required	   for	   the	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release	  of	  Shh	  ligand	  from	  morphogen	  producing	  cells	  (Burke	  et	  al.,	  1999;	  Ma	  et	  al.,	  2002;	  Tian	  et	  al.,	  2005;	  Tukachinsky	  et	  al.,	  2012).	  Downregulation	  of	  Disp1	  in	  vivo	  may	  therefore	  reduce	  the	  amount	  of	  Shh	  ligand	  in	  the	  limb	  bud	  causing	  a	  decrease	  in	   responses	   to	   Shh	   in	   noncell-­‐autonomous	   feedback	   mechanism	   (Fig.	   26).	  Conversely,	   upregulation	   of	   Sufu	   is	   likely	   to	   have	   a	   cell-­‐autonomous	   affect,	  decreasing	  response	  to	  Shh	  by	  sequestering	  Gli	  proteins	  in	  the	  cytoplasm	  (Jia	  et	  al.,	  2009)	  (Fig.	  26).	  
I	   also	   show	   that	   Gli2	   and	   Gli3	   are	   downregulated	   by	   increasing	   levels	   of	   Shh	  signalling.	  This	   is	  consistent	  with	  previous	  reports	   that	  Gli2	  protein	  expression	   is	  downregulated	  by	  Shh	  in	  the	  neural	  tube	  and	  Gli3	   is	  repressed	  by	  Shh	  in	  the	  limb	  (Cohen	  et	  al.,	  2015;	  te	  Welscher	  et	  al.,	  2002a;	  te	  Welscher	  et	  al.,	  2002b).	  Although	  bi-­‐functional,	   during	   active	   Shh	   signalling	   Gli2	   and	   Gli3	   act	   as	   transcriptional	  activators	   (GliA).	   A	   transcriptional	   downregulation	   of	   Gli2	   and	   Gli3	   therefore	   is	  likely	   to	   lead	   to	  decreased	   levels	  of	  cytoplasmic	  Gli2A	  and	  Gli3A	  and	  consequently	  inhibit	   Shh	   signal	   transduction.	   Upregulation	   of	   Gli1,	   which	   can	   only	   act	   as	   a	  transcriptional	   activator	   of	   Shh	   targets,	   however	   will	   opposingly	   act	   to	   increase	  levels	  of	  cytoplasmic	  GliA	  and	  thus	  act	  to	  promote	  Shh	  signalling	  in	  a	  feed-­‐forward	  loop	  (Fig.	  26).	  	  
Lastly,	   I	  have	  identified	  another	  potential	   feedback	  mechanism	  that	  could	  operate	  through	   the	   regulation	   of	   Heparan	   Sulphate	   Proteoglycans	   (HSPGs).	   HSPGs	   are	  important	  for	  the	  spread	  of	  Hh	  proteins	  in	  tissues.	  Hh	  is	  unable	  to	  cross	  cells	  which	  are	   depleted	   in	   HSPGs	   in	   the	   imaginal	   discs	   of	   D.	  melanogaster	   (Bellaiche	   et	   al.,	  1998;	   Briscoe	   and	   Thérond,	   2013;	   Han	   et	   al.,	   2004;	   Sanders	   et	   al.,	   2013),	   whilst	  defects	   in	   the	   synthesis	   of	   heparan	   sulphate	   chains	   on	   HSGPs	   or	   altering	   the	  sulphation-­‐state	  of	  these	  chains	  can	  affect	  the	  spread	  and	  activity	  of	  Ihh	  and	  Shh	  in	  vertebrates	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and	  	  D.	  melanogaster	  (Briscoe	  and	  Thérond,	  2013;	  Danesin	  et	  al.,	  2006;	  Koziel	  et	  al.,	  2004;	  Touahri	  et	  al.,	  2012;	  Wojcinski	  et	  al.,	  2011).	  	  
Here	   I	   show	   that	   three	   enzymes,	   involved	   in	   the	   synthesis	   or	   modulation	   of	  heparan	  sulphate	  chains	  on	  HSGPs	  are	  differentially	  expressed	  in	  explants	  exposed	  to	   Shh	   signalling.	  Hs3st2	   and	  Hs6st1	   generate	   a	  myriad	   of	   heparan	   sulphate	   fine	  structures,	   whilst	   Sulf1	   selectively	   removes	   6-­‐O-­‐sulphate	   groups	   from	   heparan	  sulphate	  chains.	  Hs3st2	  and	  Sulf1	  exhibit	  a	  peak	  induction	  by	  high	  and	  low	  levels	  of	  Shh	  signalling	  respectively,	  whilst	  Hs6st1	  is	  repressed	  by	  Shh	  signalling	  (Tables	  3-­‐6,	  Fig.	  21,	  22).	  This	  raises	  a	   interesting	  possibility	  that	  Shh	  signalling	  could	  promote	  or	  impede	  the	  spread	  and	  activity	  of	  Shh	  ligand	  in	  different	  AP	  domains	  by	  inducing	  or	   repressing	   different	   enzymes	   involved	   in	   the	   synthesis	   and	   modulation	   of	  heparan	  sulphate	  chains	  on	  HSPGs	  (Fig.	  26).	  	  It	  is	  possible	  that	  Hs3st2	  and	  Hs6st1	  have	   antagonistic	   actions,	   with	   Hs6st1	   promoting,	   but	   Hs3st2	   impeding,	   Shh	  diffusion	  or	  activity.	  Contrary	   to	   in	  silico	  predictions,	  Hs3st2	  is	  detected	  weakly	   in	  an	  intermediate	  AP	  domain,	  though	  this	  does	  not	  preclude	  its	  involvement	  in	  HSPG-­‐related	  feedback	  loops.	  	  
Taken	  together,	  cell-­‐autonomous	  upregulation	  of	  Sufu	  and	  downregulation	  of	  Gli2	  and	  Gli3	  are	  the	  mechanisms	  most	  likely	  to	  induce	  signal	  desensitisation	  in	  neural	  tube	   and	   limb	   explants	   dosed	   with	   purmorphamine.	   However,	   to	   gain	   further	  insight	   into	   cell-­‐autonomous	   negative	   feedback	   mechanisms	   I	   have	   begun	   to	  analyse	   the	   transcriptional	   responses	   of	   limb	   explants	   dosed	   with	   high	  concentrations	   of	   purmorphamine.	   Meanwhile,	   downregulation	   of	   Disp1	   and	  regulation	   of	   HSPGs	   may	   contribute	   to	   further	   noncell-­‐autonomous	   feedback	  mechanisms.	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The	   possible	   feedback	   loops	   described	   in	   this	   sub-­‐chapter	   are	   stimulated	   by	   Shh	  ligand	   and	   should	   therefore	   come	   under	   the	   designation	   of	   LDA.	   However,	   it	   is	  useful	   to	   differentiate	   feedback	   mechanisms	   operating	   cell-­‐autonomously	   and	  noncell-­‐autonomously	   and	   I	   have	   further	   sought	   to	   distinguish	   LDA	   negative	  feedback	   mechanisms	   from	   novel	   potential	   noncell-­‐autonomous	   feedback	  mechanisms.	   Subsequently,	   in	   this	   report	   I	   have	   termed	   feedback	   acting	   cell-­‐autonomously	   through	   Sufu	   and	   Gli2/3	   Gli	   Activator	   Antagonism	   (GAA)	   and	  noncell-­‐autonomous	   feedback	   operating	   through	   Disp1	   and	   potentially	   HSPGs	   as	  Ligand	  Transport	  Antagonism	  (LTA)	   (Fig.	  26).	  Whether	   these	  additional	   feedback	  mechanisms	  are	  required	  for	  correct	  interpretation	  of	  Shh	  morphogen	  gradients,	  as	  temporal	  adaptation	  is,	  remains	  to	  be	  determined.	  	  
6.4	  Targets	  of	  Shh	  signalling	  in	  the	  limb	  and	  encoding	  digit	  identity	  
Evaluation	  of	  in	  silico	  analyses	  
Different	  levels	  and	  durations	  of	  Shh	  signalling	  can	  specify	  different	  digit	  identities.	  However,	   how	   Shh	   signalling	   instructs	   this	   at	   a	   molecular	   level	   is	   poorly	  understood.	   Moreover,	   molecular	   markers	   of	   distinct	   digit	   identities	   remain	  elusive.	  Here,	  I	   identify	  genes	  that	  are	  statistically	  differentially	  expressed	  (DE)	  in	  limb	  explants	  cultured	  ex	  vivo	  in	  different	  concentrations	  of	  Shh	  for	  fixed	  periods	  of	  time	  and	  genes	  that	  cluster	  to	  specific	  transcriptional	  profiles	  to	  predict	  genes	  that	  may	  be	  expressed	  in	  different	  AP	  domains.	  I	  describe	  candidate	  genes	  that	  I	  predict	  are	   expressed	   at:	   posterior,	   primary	   intermediate,	   secondary	   intermediate	   and	  anterior	   AP	   levels	   and	   may	   mark	   or	   contribute	   to	   specifying	   different	   digit	  identities	  (Fig.	  20,	  21,	  27).	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An	  alternative	  method	  of	   identifying	  novel	  markers	  of	  digit	   identities	  would	  have	  been	   to	   measure	   the	   transcriptome	   of	   progenitors	   at	   different	   AP	   positions	   (at	  different	   developmental	   stages)	   and	   that	   ultimately	   give	   rise	   to	   different	   digits	  directly.	  Indeed,	  this	  would	  be	  a	  good	  approach	  to	  address	  this	  biological	  question,	  however,	  identifying	  novel	  markers	  of	  digit	  identities	  was	  not	  the	  initial	  aim	  of	  this	  project.	   This	   experiment	   would	   not	   be	   able	   to	   define	   which	   genes	   are	  induced/repressed	   by	   different	   levels	   of	   Shh	   in	   limb	   progenitors	   and	   would	   not	  allow	  direct	   comparison	  of	   the	   response	  of	   forelimb	  and	  hindlimb	  progenitors	   to	  equivalent	  Shh	  signalling	  as	  it	  is	  not	  known	  if	  respective	  limb	  buds	  are	  exposed	  to	  equivalent	   levels	   of	   Shh	   signalling	   in	   vivo.	   Lastly,	   it	   would	   be	   more	   difficult	   to	  maintain	   consistency	  with	  dissections	   and	   staging	   (especially	  between	   respective	  limb	  buds	  that	  develop	  at	  different	  rates)	  in	  this	  experiment.	  
Candidate	   gene	   lists	   featured	   a	   number	   of	   genes	   that	   are	   known	   targets	   of	   Shh	  signalling	   in	   the	   limb	   and	   that	   are	   expressed	   in	   the	   AP	   domains	   predicted	   by	   in	  
silico	  analyses,	  validating	   this	  approach	   (Fig.	  27,	  green).	  This	  was	  particularly	   the	  case	   for	  genes	  predicted	   to	  be	  expressed	   in	  either	  posterior	  or	  anterior	  domains,	  whilst	  Grem1	  was	  the	  only	  gene	  that	  featured	  in	  intermediate	  AP	  lists	  that	  is	  known	  to	   be	   expressed	   in	   an	   intermediate	   domain	   (Fig.27).	   Interestingly,	   genes	   not	  previously	   described	   as	   targets	   of	   Shh	   signalling,	   and	   with	   unknown	   expression	  patterns	  in	  the	  limb,	  also	  featured	  in	  gene	  lists	  and	  are	  predicted	  to	  be	  expressed	  in	  specific	  AP	  domains.	  	  
Here,	   I	  show	  that	  Smoc1,	  Foxc2	  and	  Tsku	  are	  expressed	  at	  a	  primary	   intermediate	  AP	  level	  and	  Foxo6	  is	  expressed	  at	  a	  primary	  and	  secondary	  intermediate	  AP	  level,	  consistent	   with	   in	   silico	   predictions,	   further	   validating	   this	   approach	   (Fig.22).	   I	  further	  show	  that	  Mab21l1	  is	  initially	  expressed	  in	  an	  anterior	  domain	  as	  predicted	  before	   expanding	   posteriorly	   expression	   domain,	   reminiscent	   of	   the	   expression	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patterns	   of	   Msx1	   and	   Msx2,	   whilst	   Lhx6	   appears	   to	   be	   expressed	   weakly	   in	   a	  posterior	  domain	  (Fig.22).	  	  
However,	   I	   also	   show	   that	   some	   genes	   are	   not	   expressed	   in	   the	   domain	   that	   is	  predicted.	  Foxf1,	  which	  was	  predicted	  to	  be	  expressed	  posteriorly,	  is	  not	  detectable	  in	   the	   developing	   limb	   bud.	   Robust	   Foxf1	   expression	   was	   detected	   in	   the	  developing	   gut	   however	   demonstrating	   this	   probe	   is	   able	   to	   clearly	   detect	   Foxf1	  expression.	   Meanwhile,	   Hs3st2,	   which	   was	   also	   predicted	   to	   be	   expressed	  posteriorly,	   is	   weakly	   expressed	   in	   a	   primary	   intermediate	   domain.	   These	   data	  demonstrate	  that	   false	  positive	  results	  can	  arise	  using	  these	  prediction	  strategies.	  Genes	  that	  appear	  to	  be	  expressed	  in	  response	  to	  Shh	  signalling	  ex	  vivo	  but	  are	  not	  detected	  in	  vivo	  may	  be	  repressed	  by	  another	  factor	  in	  vivo	  that	  is	  absent	  in	  culture.	  Alternatively,	   expression	   of	   these	   genes	   may	   be	   very	   low	   making	   them	   hard	   to	  detect	   by	   in	   situ	   hybridisation.	   This	   may	   especially	   be	   the	   case	   for	   genes	   that	  exhibit	  low	  read-­‐counts	  by	  RNAseq	  such	  as	  Foxf1.	  	  
Both	   clustering	   and	   statistically	   significant	   gene	   lists	   can	   also	   give	   rise	   to	   false	  negatives	  as	  demonstrated	  by	  the	  absence	  of	  Lhx9	  in	  the	  forelimb	  ‘Alx-­‐4-­‐like’	  cluster	  and	   the	   absence	   of	  Mab21l1	   in	   the	   list	   of	   genes	   repressed	   by	   8nM	   Shh	   after	   16	  hours	   in	   forelimbs	   (Fig.	   21,	   Table	   4).	   False	   negatives	   (and	   false	   positives)	   in	  statistically	  DE	  gene	  lists	  could	  be	  negated	  by	  increasing	  the	  n	  number,	  though	  this	  was	  not	  feasible	  in	  the	  time	  scale	  of	  this	  project.	  	  
Meanwhile,	   clustering	   experiments	   are	   susceptible	   to	   false	   negative/positive	  results	  depending	  on	   the	   level	   of	   stringency	   that	   is	   set.	   Low	  stringency	   increases	  the	   likelihood	  of	   false	  positives	  whilst	   high	   stringency	   increases	   the	   likelihood	  of	  false	  negatives.	  These	  errors	  can	  also	  be	  avoided	  by	  increasing	  n	  numbers,	  but	  may	  also	  by	  reduced	  by	  coding	  for	  a	  degree	  of	  flexibility	  in	  gene	  clusters	  to	  account	  for	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the	   margin	   of	   error	   in	   normalised	   read	   counts.	   Interestingly,	   genes	   that	   are	  repressed	  by	  Shh	  were	  more	  prone	  to	  false	  negative	  results	  in	  clustering	  gene	  lists	  as	  the	  expression	  levels	  of	  genes	  in	  explants	  exposed	  to	  different	  concentrations	  of	  Shh	  were	  often	  similar	  and	  over-­‐lapping	  (Fig.	  17,	  18,	  20,	  21).	  This	  may	  indicate	  that	  genes	  that	  are	  repressed	  by	  Shh	  are	  generally	  more	  sensitive	  to	  Shh	  signalling.	  	  
Whilst	   all	   statistical	   and	   clustering	   analyses	   are	   prone	   to	   false	   positive/negative	  results,	   I	  have	   tried	   to	  circumvent	  errors	  by	  using	   two	  methodologies	   to	  produce	  gene	   lists	   and	  have	   cross-­‐referenced	  gene	   lists	   to	  attempt	   to	  ascertain	  genes	   that	  are	  truly	  likely	  to	  be	  expressed	  at	  specific	  AP	  domains	  (Fig.	  27).	  	  
Encoding	  posterior	  digit	  identities	  
Genes	  that	  feature	  in	  posterior,	  primary	  intermediate,	  secondary	  intermediate	  and	  anterior	  gene	  lists	  are	  predicted	  to	  be	  expressed	  in	  corresponding	  AP	  domains	  and	  may	  contribute	  to	  specifying	  the	  identities	  of	  digits	  that	  arise	  from	  these	  domains.	  Indeed,	  many	  of	  the	  genes	  that	  are	  predicted	  to	  be	  expressed	  in	  a	  posterior	  domain	  are	   expressed	   in	   this	   domain	   and	   are	   implicated	   in	   limb	   development	   (Fig.	   27).	  
Hoxd11-­‐13,	   Hoxa10-­‐13,	   Hand2,	   Bmp2,	   Tbx3,	   and	   Sall1,	  which	   feature	   in	   posterior	  gene	  lists,	  are	  expressed	  posteriorly	  and	  have	  been	  identified	  as	  direct	  targets	  of	  Gli	  transcription	   factors	   in	  mouse	   limbs	   (Vokes	   et	   al.,	   2008)	   (Fig.3).	   These	   therefore	  represent	  strong	  candidates	  of	  genes	  that	  are	  regulated	  by	  Shh	  to	  specify	  posterior	  digit	   identities	   and	   indeed	  have	   been	   implicated	   in	   the	   development	   of	   posterior	  digits	   (Davenport	   et	   al.,	   2003;	   Drossopoulou	   et	   al.,	   2000;	  McLeskey	   Kiefer	   et	   al.,	  2003;	   te	  Welscher	   et	   al.,	   2002b;	   Yang	   et	   al.,	   1997;	   Zákány	   et	   al.,	   2004)	   (Fig.	   27).	  
Kchn5,	  Cntfr,	  Figf,	  Fgf18,	  Fgf10,	  Rspo3,	  and	  Six1	  which	  also	  feature	  in	  posterior	  gene	  lists	   are	   also	   expressed	   in	   a	   posterior	   domain	   and	   may	   contribute	   to	   the	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development	  of	  posterior	  digits	  (Bangs	  et	  al.,	  2010;	  Bell	  et	  al.,	  2004;	  Bonnin	  et	  al.,	  2005;	  Davey	  et	  al.,	  2007)	  (Fig.	  27).	  	  
Conversely,	   I	   demonstrate	  Foxf1	   is	   unlikely	   to	   play	   a	   role	   in	   specifying	   posterior	  digit	   identities	   despite	   being	   in	   posterior	   gene	   lists,	   as	   its	   expression	   is	   not	  detectable	   in	   chicken	   limbs	   (Fig.	   22).	   Similarly,	  Lhx6	   is	   only	  weakly	   expressed	   in	  chicken	  limbs	  making	  its	  importance	  unclear	  (Fig.22).	  Blimp1	  and	  Jag1	  meanwhile,	  which	   have	   also	   been	   reported	   as	   a	   direct	   target	   of	   Gli	   in	   limbs	   (McGlinn	   et	   al.,	  2005;	   Vokes	   et	   al.,	   2008)	   (Fig.3)	   do	   not	   feature	   in	   posterior	   gene	   list	   but	   did	  respond	  positively,	  though	  insignificantly,	  to	  Shh	  signalling	  and	  thus	  its	  role	  is	  also	  unclear	  (data	  not	  shown).	  	  
Of	   the	   remaining	   genes	   in	   this	   list,	   Foxd1	   and	   Foxl1	   represented	   the	   most	  interesting	   candidates	   as	   transcription	   factors	   with	   unknown	   roles	   in	   limb	  development.	   Constructs	   containing	   chicken	   Fox	   genes	   were	   not	   commercially	  available	   and	   consequently	   it	   was	   necessary	   to	   clone	   these	   genes	   from	   chicken	  cDNA.	  Unfortunately,	  I	  was	  unable	  to	  do	  this	  for	  Foxd1	  and	  Foxl1	  despite	  repeated	  attempts	   using	   different	   primers,	   template	   cDNA	   and	   PCR	   programs.	   I	   therefore	  have	  been	  unable	   to	  determine	  whether	   these	  genes	  are	  expressed	  posteriorly	  as	  predicted.	  	  
Encoding	  anterior	  digit	  identities	  
As	  with	  posterior	  gene	  lists,	  many	  of	  the	  genes	  that	  were	  predicted	  to	  be	  expressed	  in	   an	   anterior	   domain	   are	   expressed	   in	   this	   domain	   and	   several	   have	   been	  implicated	  in	  limb	  development,	  though	  they	  have	  not	  necessarily	  been	  previously	  described	   as	   being	   influenced	   by	   Shh	   signalling.	   Lhx9/2,	   Gsc,	   Glis1,	   Alx-­‐4,	   Sox8,	  
Msx1/2,	   Gas1,	   Nbl1,	   Irx5	   and	   Zic3	   are	   expressed	   anteriorly	   (Bell	   et	   al.,	   2004;	  Bertuzzi	  et	  al.,	  1999;	  Gerlach-­‐Bank	  et	  al.,	  2002;	  Heanue	  et	  al.,	  1997;	  Li	  et	  al.,	  2014b;	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Rodriguez-­‐Esteban	   et	   al.,	   1998;	   te	  Welscher	   et	   al.,	   2002a;	  Wang	   et	   al.,	   2011).	   Of	  these,	  Alx-­‐4	  and	   Irx5	  have	  been	   implicated	   in	  normal	  development	  of	   the	  anterior	  structures	   whilst	   it	   has	   been	   suggested	   that	   Zic3	  may	   mark	   digit	   1	   in	   chicken	  forelimbs	   and	   hindlimbs	   (Li	   et	   al.,	   2014b;	   te	  Welscher	   et	   al.,	   2002a;	  Wang	   et	   al.,	  2011).	  Here,	   I	  demonstrate	   that	  Mab21l1	   is	   also	  expressed	   in	  an	  anterior	  domain	  early	  in	  limb	  development,	  before	  expanding	  more	  posteriorly	  (Fig.	  22).	  	  
These	  data	  suggest	   that	  Shh	  signalling	   is	   important	   in	  maintaining	  the	  expression	  of	   these	   genes	   -­‐and	   potentially	   other	   genes	   within	   anterior	   gene	   lists	   presented	  here	  -­‐	  in	  a	  distinct	  anterior	  domain.	  That	  many	  of	  them	  are	  transcription	  factors	  or	  have	  been	  previously	  described	  as	  homeotic	  genes	  suggests	  that	  they	  may	  play	  an	  important	   role	   in	   specifying	   anterior	   digit	   identities	   or	   that	   there	   absence	   is	  required	   for	   the	   formation	   of	   posterior	   digits.	   Moreover,	   BMP	   antagonists	  Nbl1,	  
Vwc2	  and	  Nog	  may	  also	  play	  a	  role	  in	  limb	  development	  given	  the	  requirement	  of	  BMP	  antagonist	  Grem1	  in	  normal	  limb	  development	  (Khokha	  et	  al.,	  2003).	  Indeed,	  
Nog-­‐/-­‐	  mice	  develop	  ‘club	  shaped	  limbs’	  that	  feature	  a	  normal	  number	  of	  digits	  but	  which	  are	  abnormally	  broad	  and	  lack	  all	  wildtype	  digit	  identities	  (McMahon	  et	  al.,	  1998;	  Wijgerde	  et	  al.,	  2005).	  	  	  
Conversely,	  Pax1	  and	  Pax9	  which	  have	  previously	   been	   reported	   as	   repressed	  by	  Shh	  signalling	  in	  mouse	  limbs	  (McGlinn	  et	  al.,	  2005;	  Vokes	  et	  al.,	  2008),	  were	  absent	  from	   anterior	   gene	   lists.	   Pax1	   and	   Pax9	   expression	   was	   not	   detected	   in	   limb	  explants	  and	  consequently	  it	  was	  not	  possible	  to	  detect	  any	  repression	  that	  may	  be	  mediated	   by	   Shh	   signalling.	   However,	   this	   does	   not	   preclude	   the	   possibility	   that	  Shh	   represses	  Pax1	  and	  Pax9	  in	  vivo	  and	   suggests	   that	   an	  unknown	   factor	   absent	  from	   ex	   vivo	   culture	   is	   required	   for	   the	   endogenous	   induction	   of	   these	   genes.	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Figure	  27|	   Summary	  of	   targets	  of	   Shh	   signalling	   that	   are	  predicted	   to	   contribute	   to	  
specifying	  different	  digit	   identities.	  Summary	  lists	  of	  genes	  predicted	  to	  be	  expressed	  in	  designated	  AP	  domains	  of	  chicken	  limb	  buds	  and	  may	  contribute	  to	  the	  specification	  of	  the	  digits	  that	  arise	  from	  these	  progenitor	  domains.	  Exemplary	  expression	  patterns	  are	  shown	  above	  corresponding	  list.	  Components	  of	  the	  Shh	  signalling	  pathway	  (purple,	  striped	  purple	  (tentative)),	   transcription	   factors	   (yellow)	   and	   genes	   implicated	   in	   signalling	   pathways	  (blue)	   are	   denoted.	   Genes	   implicated	   in	   the	   differentiation	   or	   maintenance	   of	   different	  tissues	  that	  comprise	  mature	  limbs	  (orange)	  are	  also	  denoted.	  Genes	  that	  are	  known	  to	  be	  expressed	   in	   the	  domains	  predicted	  by	   in	  silico	  analysis	  or	  are	  known	   to	  be	   repressed	  by	  Shh	   are	   highlighted	   (bold,	   green).	   Genes	   predicted	   to	   be	   involved	   specifically	   in	   chicken	  hindlimb	  patterning	  are	  designated	  (*).	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Encoding	  intermediate	  digit	  identities	  
Of	   the	  genes	   that	  are	  predicted	   to	  be	  expressed	   in	   intermediate	  AP	  domains	  only	  BMP	  antagonist	  Grem1	  has	  previously	  been	  demonstrated	  to	  be	  expressed	  in	  such	  a	  domain	  (broadly	  across	  primary	  and	  secondary	  intermediate	  domains)	  and	  plays	  a	  crucial	   role	   in	   limb	   development.	   Mice	   lacking	   Grem1	   exhibit	   limbs	   with	   only	   3	  digits	  of	  unclear	  identity	  (Khokha	  et	  al.,	  2003).	  Here	  I	  demonstrate	  that	  two	  other	  BMP	  antagonists,	  Smoc1	  and	  Tsku	  are	  expressed	  in	  a	  primary	  intermediate	  domain,	  as	   predicted,	   and	   may	   play	   a	   similar	   role	   in	   inhibiting	   BMP	   signalling	   in	   the	  intermediate	  limb	  bud.	  Recently	  it	  has	  been	  reported	  that	  Smoc1-­‐/-­‐	  mice	  lack	  either	  a	  digit	  2	  or	  digit	  3	  and	  patterning	  of	  digits	   appears	   to	  be	  disrupted,	   although	   the	  authors	  do	  not	  emphasis	  this	  (Okada	  et	  al.,	  2011)	  –	  discussed	  below.	  	  
I	   further	  demonstrate	  transcription	  factors	  Foxc2	  and	  Foxo6	  are	  also	  expressed	  in	  primary	   and	   secondary	   intermediate	   domains	   respectively.	   These	   represent	   the	  only	  transcription	  factors	  that	  were	  predicted	  to	  be	  expressed	  intermediately	  and	  may	  mark	   or	   contribute	   to	   specifying	  middle	   digit	   identities.	   Intriguingly,	  Smoc1,	  
Foxc2,	  Tsku	  and	  Foxo6	  are	  expressed	  by	  different	  progenitor	  populations	  within	  the	  primary	   and	   secondary	   intermediate	   AP	   domains,	   suggesting	   they	   may	   play	  distinct	  roles	  in	  limb	  development	  (Fig.	  22).	  
The	  role	  of	  Smoc1	  in	  specifying	  and	  marking	  middle	  digit	  identities	  
I	   demonstrate	   that	   Smoc1	   expression	   exhibits	   a	   peak	   response	   to	   medium	   Shh	  concentrations	  and	  show	  that	  it	  is	  expressed	  in	  a	  primary	  intermediate	  AP	  domain	  consistent	  with	   in	  silico	  predictions.	   	  Smoc1	  is	  a	  BMP	  antagonist	  and	  could	  have	  a	  role	   in	   inhibiting	   BMP	   signalling	   in	   limb	   development	   similar	   to	   Gremlin1	  (Introduction	   1.3).	   Moreover,	   its	   distinct	   expression	   pattern	   suggests	   it	   may	   be	  implicated	   in	  specifying	  middle	  digit	   identities.	   Indeed,	  mutations	   in	  Smoc1	  result	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in	   the	   abnormal	   development	   of	  middle	  digits	   in	   humans	   and	  mice	   (Okada	   et	   al.,	  2011;	  Rainger	  et	  al.,	  2011),	  however	  its	  sufficiency	  to	  specify	  middle	  digit	  identities	  has	   not	   been	   previously	   investigated.	   Results	   reported	   in	   this	   study	   are	  unfortunately	  unable	  to	  provide	  conclusive	  evidence	  to	  address	  this	  question	  (Fig.	  23).	   Chicken	   embryos	   that	   had	   been	   successfully	   electroporated	   with	   a	   Smoc1	  expressing	  construct	  unfortunately	  died	  before	  formation	  of	  skeletal	  structures	   in	  the	  limb	  had	  been	  completed	  (Fig	  23).	  In	  some	  cases	  this	  was	  due	  to	  infection,	  but	  other	  embryos	  appeared	   to	  die	   from	  the	  effects	  of	  electroporation,	   illustrating	  an	  inherent	  problem	  with	  this	  technique.	  	  
Although,	  limb	  defects	  appeared	  to	  be	  apparent	  in	  early	  limb	  buds	  of	  two	  embryos	  the	  abnormalities	  observed	  were	   inconsistent	  (Fig.	  23).	  Moreover,	  several	  control	  limbs,	   that	   were	   electroporated	   with	   an	   RFP-­‐expressing	   construct	   only,	   also	  exhibited	  limb	  abnormalities.	  Distinguishing	  the	  effects	  of	  electroporation	  from	  the	  effects	   of	   Smoc1	  over-­‐expression	   thus	   represents	   another	   difficulty	   in	   using	   this	  technique.	   To	   circumvent	   these	   issues	   this	   question	   could	   be	   addressed	   by	   a	  number	   of	   other	   methods,	   which	   unfortunately	   there	   was	   insufficient	   time	   to	  complete	   in	   this	   study.	   Smoc1	   could	   be	   ectopically	   expressed	   throughout	   early	  chick	   limb	   buds	   by	   injecting	   an	   avian	   specific	   Replication-­‐Competent	  ASLV	   long	  terminal	   repeat	   (LTR)	   with	   a	  Splice	   acceptor	   (RCAS)	   viral	   vector	   engineered	   to	  constitutively	  express	  Smoc1	   into	   limb	  buds.	  Alternatively,	   this	  question	  could	  be	  addressed	   by	   generating	   a	  mouse	   that	   constitutively	   expresses	   Smoc1	  across	   the	  entire	   limb	   bud	   using	   the	   Paired	   Related	  Homeobox	   1	   (Prx1)	   promoter,	   which	   is	  active	   in	   limb	  mesenchyme,	   and	   a	  Cre-­‐Lox	   system	   (Logan	   et	   al.,	   2002;	   Sauer	   and	  Henderson,	   1988).	   Similarly,	   a	   transient	   transgenic	   mouse	   with	   Smoc1	   directly	  under	  the	  control	  of	  the	  Prx-­‐1	  promoter	  could	  be	  generated.	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Fate-­‐mapping	  cells	   that	  have	  expressed	  Smoc1	  using	  a	  Cre-­‐Lox	   system	  would	  also	  be	  useful	  to	  determine	  if	  Smoc1	  positive	  progenitors	  ultimately	  give	  rise	  to	  middle	  digits	  and	  can	  be	  used	  as	  marker	  of	  middle	  digit	  identities.	  This	  would	  be	  useful	  in	  a	  number	  of	  limb	  studies	  in	  identifying	  digit	  identities	  in	  limbs	  in	  which	  patterning	  has	  been	  perturbed.	  	  	  
An	  overview	  of	  Shh	  targets	  in	  the	  limb	  
Many	   transcription	   factors	   and	   genes	   implicated	   in	   signalling	   pathways	   are	  predicted	  to	  be	  expressed	  in	  posterior	  and	  anterior	  domains	  (Fig.	  27).	  Conversely,	  relatively	  few	  transcription	  factors	  and	  genes	  implicated	  in	  signalling	  pathways	  are	  predicted	   to	   be	   expressed	   in	   primary	   and	   secondary	   intermediate	   domains	   (Fig.	  27).	  Moreover,	  many	  of	  the	  genes	  in	  anterior	  and	  posterior	  gene	  lists	  are	  expressed	  broadly	  across	  the	  either	  the	  anterior	  or	  posterior	  half	  of	  the	  limb	  buds.	  The	  digits	  arise	  from	  progenitors	  that	  constitute	  the	  posterior	  50-­‐60%	  of	  limb	  buds	  (Nomura	  et	  al.,	  2014;	  Vargesson	  et	  al.,	  1997b).	  This	  suggests	  there	  may	  not	  be	  a	  clear	  code	  of	  transcription	  factors	  that	  specify	  distinct	  progenitor	  identities	  as	  observed	  is	  in	  the	  neural	   tube.	   Indeed	   Shh	   is	   operating	   over	   a	   larger	   area	   to	   specify	   distinct	   3-­‐dimensional	   structures,	   which	   are	   comprised	   of	  many	   different	   cell	   types	   rather	  than	  distinct	  neuronal	  cell-­‐subtypes	  of	  the	  neural	  tube.	  Different	  levels	  of	  posterior	  transcription	   factor	   activities	   (and	   the	   absence	   of	   anterior	   transcription	   factor	  activities),	   responding	   to	  different	   levels	   of	   Shh	   signalling	   in	  distinct	  AP	  domains	  may	   be	   sufficient	   to	   specify	   distinct	   digit	   identities.	   However,	   two	   notable	  exceptions	   present	   themselves	   from	   in	   silico	   analyses	   that	   represent	   the	   best	  candidates	   of	   code-­‐like	   (Vargesson	   et	   al.,	   1997b)	   markers,	   or	   genes	   that	   are	  involved	  in	  the	  specification	  individual,	  of	  digit	  identities	  (Fig.	  27).	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Of	   particular	   interest	   is	   the	   Fox	   family	   of	   transcription	   factors	   and	   BMP	  signalling/antagonism.	  Although	  Foxf1	   appears	  not	   to	  play	  a	   role,	  both	  Foxd1	  and	  
Foxl1	  are	  predicted	  to	  be	  expressed	  posteriorly	  and	  may	  have	  a	  role	   in	  specifying	  posterior	  digit	  identities.	  Foxc2	  and	  Foxo6	  meanwhile	  are	  expressed	  at	  primary	  and	  secondary	   intermediate	   AP	   levels	   respectively,	   raising	   the	   intriguing	   possibility	  that	   a	   code	   of	   Fox	   transcription	   factors	   may	   mark	   or	   contribute	   to	   specifying	  different	  digits	  identities	  across	  the	  AP	  axis.	  	  
In	   silico	   analyses	   indicate	   that	   Shh	   induces	   and	   represses	   the	   expression	   of	  different	   BMP	   signalling	   molecules	   and	   BMP	   antagonists	   at	   different	   AP	   levels.	  
Bmp2,	   is	   induced	  posteriorly	  but	  Bmp4	   and	  Bmp7	  appear	   to	  be	   repressed	  by	  Shh	  signalling	   but	   are	   expressed	   in	   both	   anterior	   and	   posterior	   domains.	   Meanwhile	  BMP	   antagonists	   Nbl1,	   Vwc2	   and	   Nog	   appear	   to	   be	   repressed	   by	   Shh	   signalling	  which	  may	  restrict	  their	  expression	  anteriorly.	  Indeed,	  Nbl1	  is	  expressed	  anteriorly	  (Gerlach-­‐Bank	   et	   al.,	   2002).	   However,	   BMP	   antagonist	   Grem1	   is	   expressed	   in	   a	  broad	   intermediate	   domain	   (Khokha	   et	   al.,	   2003)	   whilst	   Smoc1	   and	   Tsku	   are	  expressed	  in	  different	  primary	  intermediate	  domains	  (Fig.	  22)	  (Okada	  et	  al.,	  2011).	  Different	   BMP	   antagonists,	   induced	   or	   repressed	   by	   different	   levels	   of	   Shh	  signalling	  may	   regulate	  BMP	   signalling	   to	   distinct	   levels	   in	   different	  AP	  domains.	  This	  may	  act	  to	  refine	  Shh	  patterning	  across	  the	  AP	  axis	  of	  the	  limb.	  Expression	  and	  functional	  analyses	  of	  these	  BMP	  antagonists	  and	  Fox	  transcription	  factors	  should	  be	  a	  priority.	  	  	  
Interestingly,	  many	  of	   the	  genes	  highlighted	   in	  both	  differentially	  expressed	  gene	  lists	   and	   clustered	   gene	   lists	   are	   reportedly	   implicated	   in	   the	   differentiation	   or	  maintenance	   of	   cell	   types/tissues	   that	   are	   in	   the	   mature	   limb	   including	   muscle,	  neuronal,	  bone,	  vasculature	  tissues	  as	  well	  as	  extracellular	  matrix	  proteins	  (Fig.	  27,	  orange).	   This	   provides	   the	   beginning	   of	   an	   understanding	   of	   how	   Shh	   signalling	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specifies	  different	  morphological	  structures	  comprised	  of	  these	  different	  tissues	  at	  a	  molecular	  level.	  	  
Finally,	  several	  genes	  that	  are	  expressed	  in	  posterior	  and	  primary	  intermediate	  AP	  domains	   in	   the	   limb	   in	  response	   to	  high	  and	   intermediate	   levels	  of	  Shh	  signalling	  respectively	   are	   also	   expressed	   in	   equivalent	   domains	   in	   the	   pharyngeal	   arches	  where	  Shh	  signalling	  is	  also	  active.	  Direct	  read	  outs	  of	  Shh	  signalling	  such	  as	  Ptch1,	  
Gli1	  and	  Ptch2	  are	  co-­‐expressed	  with	  Shh,	  whilst	  Smoc1	  and	  Foxc2	  were	  expressed	  in	   an	   intermediate	   domain	   and	  Mab21l1	  was	   expressed	   in	   an	   intermediate	   and	  anterior	  domain	  in	  the	  pharyngeal	  arches	  (Fig.	  22,	  24A,	  C).	  This	  supports	  a	  model	  in	  which	  different	  levels	  of	  Shh	  signalling	  induce	  the	  expression	  of	  different	  targets	  of	  Shh.	  However,	  a	  subset	  of	  genes	  that	  are	  expressed	  at	  an	  intermediate	  AP	  level	  in	  the	   limb	  are	  expressed	   in	  a	  posterior	  domain	   in	   the	  pharyngeal	   arches,	   including	  
Foxo6	  and	  Tsku	   (Fig.	  22,	  24B).	  This	  suggests	  that	  either	  the	   level	  of	  Shh	  produced	  by	  cells	  is	  modulated	  in	  different	  tissues	  to	  induce	  the	  expression	  of	  specific	  genes	  in	  those	  tissues	  or	  that	  high	  levels	  of	  Shh	  can	  induce	  genes	  such	  as	  Foxo6	  but	  other	  factors	  (which	  may	  also	  be	  induced	  by	  Shh)	  supress	  the	  activation	  of	  Foxo6	  in	  the	  posterior	  limb	  bud.	  This	  raises	  an	  interesting	  possibility	  that	  the	  response	  of	  cells	  within	  a	  morphogen	  field	  may	  differ	  depending	  on	  the	  context	  of	  the	  environment	  they	  are	  in,	  as	  well	  as	  the	  level	  of	  signalling	  they	  are	  exposed	  to.	  	  	  
6.5	   Differences	   in	   the	   response	   of	   forelimb	   and	   hindlimb	  
progenitors	  to	  equivalent	  Shh	  signalling	  
In	  this	  report	  I	  provide	  evidence	  that	  chicken	  hindlimbs	  are	  patterned	  by	  Shh	  over	  a	   shorter	   period	   of	   time	   than	   forelimbs	   but	   that	   few	   genes	   appear	   to	   be	  differentially	  expressed	  between	  forelimb	  and	  hindlimb	  progenitors	  in	  response	  to	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Shh	   signalling.	   The	   rate	   at	   which	   progenitors	   display	   desensitisation	   to	   Shh	  signalling	   is	   critical	   to	   the	   temporal	   adaptation	   model.	   This	   occurs	   at	   a	   rate	  inversely	   proportional	   to	   the	   concentration	   of	   Shh	   progenitors	   are	   exposed	   to	  (Dessaud	  et	  al.,	  2007).	  Subsequently,	  explants	  exposed	  to	  the	  highest	  doses	  of	  Shh	  should	  exhibit	  signal	  desensitisation	  last.	  	  
The	  results	  I	  present	  here	  suggest	  that	  hindlimb	  cells	  show	  a	  complete	  range	  of	  Shh	  responses	   over	   a	   shorter	   period	   of	   time	   (Fig.	   18).	   Signal	   desensitisation	   is	   only	  observed	   in	   forelimb	   explants	   exposed	   to	   lower	   concentrations	   of	   Shh	   after	   16	  hours	  as	  judged	  direct	  readouts	  of	  Shh	  signalling,	  Gli1	  and	  Ptch1,	  but	  is	  observed	  in	  hindlimb	  explants	  exposed	  to	  all	  concentrations	  of	  Shh	  by	  this	  time.	  	  	  	  
Similarly,	   levels	  of	  Hoxd11-­‐13,	  which	  do	  not	  demonstrate	  signal	  desensitisation	   in	  response	   to	   any	   concentration	   of	   Shh	   after	   16	   hours	   in	   forelimb	   explants	   have	  already	   begun	   to	   display	   desensitisation	   in	   hindlimb	   explants	   exposed	   to	   low	  concentrations	   of	   Shh	   by	   this	   time.	   Together	   these	   data	   suggest	   that	   hindlimb	  explants	  show	  temporal	  adaptation	  after	  a	  shorter	  duration	  of	  Shh	  signalling	  than	  forelimb	  progenitors.	  This	  is	  consistent	  with	  the	  observation	  that	  Shh	  is	  expressed	  for	   a	   shorter	   period	   of	   time	   in	   the	   hindlimb	   (Fig.	   6)	   and	   that	   patterning	   is	  completed	  over	  a	  shorter	  period	  of	  time	  in	  chicken	  hindlimbs	  (Scherz	  et	  al.,	  2007;	  Towers	  et	  al.,	  2011).	  	  
Directly	  comparing	  forelimb	  and	  hindlimb	  gene	  lists	  can	  be	  misleading,	  as	  hindlimb	  explants	  appear	  to	  be	  at	  a	  more	  advanced	  stage	  of	  Shh	  response	  by	  16	  hours	  than	  forelimb	  explants.	  Whilst	  both	  differentially	  expressed	  gene	  lists	  and	  profiling	  gene	  lists	  feature	  different	  genes	  between	  forelimb	  and	  hindlimbs	  this	  appears	  to	  mostly	  represent	   a	   temporal	   differences.	   	   This	   is	   demonstrated	   in	   gene	   profiling	   lists	  where	  many	  of	  the	  genes	  that	  cluster	  with	  Ptch1	   in	  forelimb	  explants	  cluster	  with	  
Chapter	  6:	  Discussion	  
	   179	  
Hoxd13	  in	  hindlimb	  explants	  as	  the	  hindlimb	  Ptch1	  expression	  profile	  is	  at	  a	  more	  advanced	  stage	  of	  response.	  	  
However,	  almost	  all	  genes	  are	  predicted	  to	  be	  expressed	  in	  specific	  AP	  domains	  are	  present	  in	  both	  forelimb	  and	  hindlimb	  lists	  and	  moreover	  this	  is	  reflected	  in	  in	  situ	  hybridisations.	   The	   most	   notable	   exceptions	   to	   this	   was	   Hoxa10-­‐13,	  which	   are	  induced	   by	   Shh	   signalling	   in	   hindlimb	   explants	   but	   are	   not	   expressed	   at	   all	   in	  forelimb	   explants	   in	   this	   assay.	   Consistently,	   in	   situ	   hybridisations	   demonstrate	  that	  Hoxa10-­‐13	  is	  expressed	  during	  Shh	  patterning	  stages	  in	  the	  chicken	  hindlimb	  but	  not	  in	  the	  forelimb	  (Bell	  et	  al.,	  2004).	  Although	  Hoxa	  genes	  are	  expressed	  later	  in	  the	  forelimb,	  it	  would	  be	  interesting	  to	  determine	  the	  effect	  of	  precociously	  mis-­‐expressing	  these	  genes	  on	  the	  morphology	  of	  chicken	  forelimbs.	  
Moreover,	   despite	   being	   induced	   in	   both	   limb	   buds,	   certain	   genes	   appear	   to	   be	  induced/repressed	  more	   robustly	   in	   response	   to	   Shh	   signalling	   in	   one	   limb	   than	  another.	  The	  two	  clearest	  examples	  of	  this	  are	  Six1	  and	  its	  co-­‐activator	  Eya1,	  which	  are	  more	  strongly	   induced	   in	  hindlimb	  explants	   than	   forelimb	  explants	  and	  Glis1,	  which	  is	  more	  severely	  repressed	  in	  hindlimb	  explants.	  Interestingly,	  expression	  of	  
Six1	   does	   appear	   to	   be	   more	   broadly	   expressed	   in	   hindlimbs	   in	   in	   situ	  hybridisations	  (Bell	  et	  al.,	  2004).	  	  
In	   conclusion,	   hindlimb	   progenitors	   appear	   to	   complete	   their	   response	   to	   Shh	  quicker	   than	   forelimb	   progenitors	   and	   the	  Hoxa	  cluster	   represents	   the	   strongest	  candidates	   of	   genes,	   which	   might	   confer	   different	   responses	   to	   equivalent	   Shh	  signalling	  between	  the	  respective	  limbs.	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6.6	  Summary	  and	  future	  directions	  
In	   the	  work	  presented	   in	   this	  report	   I	  have	  attempted	  to	  gain	  a	  molecular	   insight	  into	  how	  the	  Shh	  morphogen	  patterns	  vertebrate	   forelimbs	  and	  hindlimbs.	  To	  do	  this	   I	   have	   investigated	   potential	   differences	   in	   Shh	   signalling	   dynamics	   of	   the	  respective	  limb	  buds	  and	  have	  further	  investigated	  the	  transcriptional	  responses	  of	  forelimb	  and	  hindlimb	  progenitors	  to	  different	  levels	  of	  Shh	  signalling.	  	  
In	   the	   absence	   of	   more	   direct	   or	   rigorous	   techniques,	   I	   have	   attempted	   to	   gain	  insight	   into	  potential	   differences	  between	  Shh	   signalling	  dynamics	  of	   the	   chicken	  forelimb	  and	  hindlimb.	  Despite	  the	  limitations	  to	  the	  techniques	  I	  have	  used,	  I	  have	  been	  able	  to	  make	  some	  interesting	  observations.	  Firstly,	  that	  chicken	  the	  hindlimb	  bud	   is	  slightly	   larger	   than	  the	   forelimb	  bud	  during	  Shh	  patterning	  stages	  but	   that	  both	  limb	  buds	  appear	  to	  produce	  similar	  amount	  of	  Shh	  at	  a	  consistent	  rate	  from	  a	  similar	   number	   of	   cells.	   Subsequently,	   a	   greater	   proportion	   of	   forelimb	   bud	  progenitors	  maybe	   be	   subject	   to	   Shh	   signalling	   than	   the	   hindlimb	   bud.	   Secondly,	  that	   hindlimbs	   buds	   are	   exposed	   to	   Shh	   signalling	   for	   a	   shorter	   duration	   and	  appear	  to	  be	  completely	  patterned	  by	  Shh	  over	  a	  shorter	  period	  of	  time.	  	  
In	   a	   separate	   line	   of	   investigation	   I	   have	   used	   an	   ex	   vivo	   approach	   and	   RNAseq	  analysis	   to	   examine	   the	   immediate	   transcriptional	   responses	   of	   forelimb	   and	  hindlimb	   progenitors	   to	   different	   levels	   and	   durations	   of	   Shh	   signalling.	   I	   have	  demonstrated	  that	  chicken	  limb	  buds	  display	  a	  variation	  of	  a	  temporal	  adaptation	  mechanism	  which	   is	   required	   for	   graded	   expression	   of	   Shh	   targets	   implicated	   in	  specifying	   digit	   identities	   in	   response	   to	   graded	   Shh	   signalling.	   I	   have	   further	  demonstrated	   that	   signal	   desensitisation,	   a	   critical	   component	   of	   the	   temporal	  adaptation	  mechanism,	  is	  mediated	  by	  Ptch1-­‐2	  directed	  LDA.	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I	   have	   also	   identified	   other	   potential	   negative	   feedback	   mechanisms.	   I	   have	  demonstrated	   that	   Sufu,	  a	  negative	   regulator	   of	   Shh	   signalling	   is	   upregulated	   by	  Shh,	  whilst	  Gli2	  and	  Gli3	  are	  downregulated	  by	  Shh.	  These	  mechanisms	  comprise	  a	  cell-­‐autonomous	   negative	   feedback	   mechanism	   I	   have	   termed	   Gli	   Activator	  Antagonism	   (GAA).	   I	   have	   also	   shown	   that	  Disp1,	  required	   for	   the	   release	   of	   Shh	  ligand	  is	  downregulated	  by	  Shh	  and	  HS3st2	  and	  Sulf1	  -­‐	  enzymes	  that	  synthesise	  and	  alter	  heparan	  sulphate	   chains	  on	  HSPGs	  –	  are	  upregulated	  whilst	  Hs6st1,	  another	  such	   enzyme,	   is	   downregulated	   by	   Shh.	   These	   responses	   may	   contribute	   to	   a	  noncell-­‐autonomous	   negative	   feedback	   mechanism	   I	   have	   termed	   Ligand	  Transport	  Antagonism	  (LTA).	  	  
I	   have	   used	   in	   silico	  analysis	   to	   identify	   genes	   that	   are	   induced	   or	   repressed	   by	  different	  levels	  of	  Shh	  signalling	  and	  that	  are	  predicted	  to	  be	  expressed	  in	  specific	  AP	   domains.	   These	   genes	   may	   mark	   or	   specify	   different	   digit	   identities.	   Of	  particular	  interest,	  I	  have	  identified	  Fox	  transcription	  factors	  and	  BMP	  antagonists,	  which	  are	  expressed	  in	  different	  AP	  domains	  and	  may	  be	  implicated	  in	  marking	  or	  specifying	  middle	  digit	  identities.	  	  	  
Finally	   I	   have	   shown	   that	  many	   of	   the	   same	   genes	   are	   induced	   and	   repressed	   in	  hindlimb	   progenitors	   and	   forelimb	   progenitors	   in	   response	   to	   Shh	   signalling.	  However,	  Hoxa10-­‐13,	  Six1,	  Fgf18	  and	  Glis1	  appear	   to	   be	   upregulated	   to	   a	   greater	  extent	  in	  hindlimb	  progenitors.	  Moreover,	  hindlimb	  progenitors	  display	  a	  complete	  range	  of	  Shh	  responses	  over	  a	  shorter	  period	  of	  time	  than	  forelimb	  progenitors.	  	  
Future	  lines	  of	  investigation	  
Future	   projects	   should	   focus	   on	   expression	   and	   functional	   analyses	   of	   candidate	  genes	   identified	  by	   in	  silico	  analyses.	   In	  particular	   to	   investigate	   the	  roles	  of	  BMP	  antagonists,	  Smoc1,	  Tsku,	  Nbl1	  and	  Vwc2	  and	  Fox	  transcription	  factors	  Foxd1,	  Foxl1,	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Foxc2	  and	  Foxo6	   in	  marking	  and	  specifying	  distinct	  digit	   identities.	   Investigations	  should	  first	  aim	  to	  determine	  the	  expression	  patterns	  of	  Vwc2,	  Foxd1	  and	  Foxl1	  to	  eliminate	  any	  further	   false	  positive	  results.	  The	  genetic	   tools	  of	   the	  mouse	  should	  be	  utilised	  to	  determine	  the	  requirement	  and	  sufficiency	  of	  these	  genes	  to	  specify	  distinct	  digit	  identities	  and	  to	  determine	  if	  they	  mark	  particular	  digits.	  	  
To	  determine	  if	  these	  genes	  are	  required	  to	  specify	  distinct	  digit	  identities	  a	  Cre-­‐lox	  system	  and	   the	  Prx1	  promoter	   could	  be	  used	   to	   conditionally	   knock	  out	   genes	  of	  interest	  in	  limb	  mesenchyme	  (Logan	  et	  al.,	  2002).	  Conversely,	  to	  determine	  if	  these	  genes	  are	  sufficient	  to	  induce	  the	  formation	  of	  specific	  digit	  identities	  ectopically,	  a	  similar	  Prx1	  driven	  Cre-­‐lox	  system	  could	  be	  used	  to	  constitutively	  express	  genes	  of	  interest	  throughout	  the	  limb	  mesenchyme.	  Alternatively,	  transient	  transgenic	  mice	  could	  be	  generated	  expressing	  genes	  of	  interest	  in	  limb	  mesenchyme	  directly	  from	  the	  Prx1	   promoter	   (Logan	   et	   al.,	   2002).	   Finally,	   to	   determine	   if	   these	   genes	  may	  demarcate	  individual	  digit	  identities	  fate-­‐mapping	  analysis	  should	  be	  employed	  to	  determine	   the	   identity	   of	   digit(s)	   that	   ultimately	   arise	   from	   progenitors	   that	  express	  specific	  genes.	  
Alternative	   future	   projects	   should	   focus	   on	   identifying	   and	   characterising	   Shh	  signalling	  feedback	  mechanisms.	  To	  determine	  the	  roles	  of	  Hs3st2,	  Sulf1	  and	  Hs6st1	  in	   a	   potential	   noncell-­‐autonomous	   negative	   feedback	   loop,	   gain-­‐of-­‐function	   and	  loss-­‐of-­‐function	   experiments	   in	   the	   neural	   tube	   could	   be	   used	   to	   determine	   how	  these	  genes	  influence	  the	  Shh	  morphogen	  gradient.	  	  
The	  neural	  tube	  is	  the	  best	  tissue	  to	  study	  general	  mechanics	  of	  Shh	  signalling	  as	  an	  established	   code	   of	   transcription	   factors	   gives	   a	   clear	   readout	   of	   morphogen	  interpretation,	   which	   gives	   greater	   insight	   into	   the	   effects	   of	   perturbing	   the	  morphogen	   gradient.	   Heterozygous	   and	   homozygous	   mutant	   mice	   could	   be	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generated	  for	  loss	  of	  function	  studies,	  whilst	  the	  chicken	  neural	  tube	  could	  be	  used	  for	  ectopic	  expression	  via	  electroporation	  of	  constructs	  expressing	  Hs3st2,	  Sulf1	  or	  
Hs6st1.	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Appendix	   1	   |	   (Linked	   to	   Table	   3)	   Genes	   significantly	   upregulated	   by	   different	   Shh	  
treatments	   in	   forelimb	   explants.	   Genes	   that	   are	   positively,	   differentially	   expressed	   in	  forelimb	  explants	   dosed	  with	  designated	   concentration	  of	   Shh	  morphogen	   for	   designated	  period	  of	  time,	  compared	  to	  control	  explants,	  as	  measured	  by	  normalised	  read	  counts.	  Gene	  lists	  are	  ordered	  by	  greatest	  difference	  in	  normalised	  read	  counts	  between	  explants	  under	  designated	   treatment	   and	   control	   explants.	   Novel,	   unnamed	   genes	   are	   described	   as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	  test,	  p=	  <0.05.	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
1""""""""""""""GLI1 1"""""""""""""FOXC2 1""""""""""""""GLI1 1""""""""""""""AMER2 1""""""""""""""AMER2 1""""""""""""""PTCH2 1"""""""""""""""APOD 1"""""""""""""""PTCH2 1"""""""""""""""PTCH2
2"""""""""""""AMER2 2"""""""""""""PTCH1 2""""""""""""HS3ST2 2"""""""""""""""GLI1 2""""""""""""""CNTFR 2"""""""""""""""HHIP 2""""""""""""KIRREL3 2"""""""""""""""AMER2 2""""""""""""""""HHIP
3"""""""""""""FOXC2 3"""""""""""""CNTFR 3"""""""""""""FOXC2 3""""""""""""""PTCH1 3"""""""""""""""GLI1 3"""""""""""""""OSR1 3"""""""""""""""FIGF 3""""""""""""""""GLI1 3""""""""""""""HOXD13
4""""""""""""""NTN1 4"""""""""""""FOXO6 4"""""""""""""PTCH1 4"""""""""""""""FIGF 4"""""""""""""""LHX6 4""""""""""""""CNTFR 4""""""""""""""FGF10 4"""""""""""""""CNTFR 4""""""""""""""HOXD12
5"""""""""""""PTCH1 5"""""""""""""STRA6 5""""""""""""""NTN1 5""""""""""""""TRIB1 5""""""""""""""PTCH1 5"""""""""""""""GLI1 5"""""""""""""""IRK1 5"""""""""""""""FOXD1 5""""""""""""""""OSR1
6"""""""""""""STRA6 6"""""""""""""TRIB1 6"""""""""""""CNTFR 6"""""""""""""""RHOJ 6"""""""""""""HAPLN1 6"""""""""""""""LHX6 6""""""""""""""""VTN 6"""""""""""""""SMOC1 6"""""""""""""""PTCH1
7"""""""""""""CNTFR 7""""""""""""""FIGF 7""""""""""""""FIGF 7"""""""""""""""CDK6 7"""""""""""""EFEMP1 7""""""""""""""AMER2 7""""""""""""""GREM1 7"""""""""""""""KCNH5 7"""""""""""""""AMER2
8""""""""""""""FIGF 8"""""""""""""CASS4 8"""""""""""""TRIB1 8"""""""""""""""IRK1 8""""""""""""""FOXC2 8""""""""""""""PTCH1 8""""""""""""""SALL1 8""""""""""""""HAPLN1 8""""""""""""""""GLI1
9"""""""""""""CASS4 9"""""""""""""P2RY1 9"""""""""""""STRA6 9"""""""""""""""ASB9 9""""""""""""""KCNH5 9"""""""""""""HS3ST2 9""""""""""""""FSTL4 9""""""""""""""""APOD 9"""""""""""""""CNTFR
10"""""""""""HAPLN1 10"""""""""TMEM106C 10""""""""""""CASS4 10""""""""""""""TSKU 10"""""""""""""CNGA3 10"""""""""""""FOXC2 10""""""""""""ADAM23 10"""""""""""""""LHX6 10"""""""""""""EFEMP1
11""""""""""""P2RY1 11""""""""""GRAMD1C 11""""""""""""FOXO6 11""""""""""""""ENC1 11"""""""""""""TRIB1 11""""""""""""EFEMP1 11"""""""""""""CMTM8 11""""""""""""""FOXC2 11"""""""""""""HOXD11
12"""""""""""""""na 12""""""""""B4GALT3 12""""""""""""P2RY1 12"""""""""""""ELMO1 12"""""""""""KIRREL3 12"""""""""""""SPRY4 12"""""""""""""HOXA7 12""""""""""""KIRREL3 12"""""""""""""""LHX6
13"""""""""TMEM106C 13"""""""""""""SOX9 13"""""""""""HOXA10 13""""""""""""PTPRZ1 13"""""""""""""STRA6 13"""""""""""""SPRY4 13"""""""""""""PLCD1 13"""""""""""""""BMP2 13"""""""""""""""BMP2
14"""""""""""""IRK1 14""""""""""GDAP1L1 14"""""""""""""THBD 14""""""""""""GNPDA1 14""""""""""""""FIGF 14"""""""""""""TRIB1 14""""""""""""FAM49A 14"""""""""""""""HAS2 14""""""""""""""KCNH5
15"""""""""""""""na 15"""""""""""""HES4 15""""""""""""MORN5 15"""""""""""KBTBD11 15""""""""""""""BMP2 15"""""""""""""KCNH5 15"""""""""""""PLCG1 15""""""""""""""STRA6 15""""""""""""""FOXD1
16"""""""""""RNF122 16"""""""""""""EYA1 16""""""""""""CPLX2 16"""""""""""SLC38A6 16""""""""""""""IRK1 16"""""""""""""CNGA3 16"""""""""""""MMP11 16"""""""""""""""FIGF 16""""""""""""""FOXC2
17"""""""""""""PALM 17"""""""""""RNF122 17"""""""""""RNF122 17"""""""""""""FGF10 17""""""""""""""HAS2 17""""""""""""""BMP2 17"""""""""""""LPIN1 17"""""""""""""""IRK1 17"""""""""""""HAPLN1
18"""""""""""""SOX9 18""""""""""""CAPN5 18""""""""""""EPHB1 18""""""""""""""RIC3 18"""""""""""ADAMTS9 18""""""""""""""FIGF 18"""""""""""""EPHB3 18""""""""""""""""VTN 18""""""""""""""TRIB1
19""""""""""GDAP1L1 19"""""""""""""""na 19"""""""""""""PIM1 19""""""""""""MAP4K4 19""""""""""""""TSKU 19"""""""""""""P2RY1 19""""""""""""""""na 19""""""""""""""FGF10 19""""""""""""""FOXL1
20""""""""RAB11FIP4 20"""""""""""SCPEP1 20"""""""""TMEM106C 20"""""""""""""HPGDS 20"""""""""""SPATA13 20"""""""""""""STRA6 20"""""""""""""DDX31 20""""""""""""""SPRY4 20""""""""""""KIRREL3
21"""""""""""""HES4 21"""""""""""NUDT19 21"""""""""""""IRK1 21"""""""""""""PDE5A 21"""""""""""""MORN5 21""""""""""""""RHOJ 21""""""""""""""DNM1 21""""""""""""""SPRY4 21"""""""""""""NANOS1
22""""""""""B4GALT3 22"""""""""CDC42EP1 22"""""""""""IL11RA 22""""""""""""CXCL12 22""""""""""""""RHOJ 22"""""""""""""MORN5 22"""""""""""""KCTD1 22""""""""""""""PAMR1 22"""""""""""""""APOD
23"""""""""""""TLE3 23""""""""""FAM92A1 23"""""""""""""RHOJ 23""""""""""""""TLL1 23""""""""""TMEM132D 23"""""""""""""FOXO6 23""""""""""""COMMD5 23""""""""""""C1QTNF5 23"""""""""""""""FIGF
24"""""""""""""""na 24""""""""""""TM2D3 24"""""""""""""HES4 24""""""""""""""CD69 24"""""""""""""PTGS1 24"""""""""""""PTGS1 24"""""""""""""40057 24""""""""""""""ELMO1 24"""""""""""""""IRK1
25""""""""""""PREP2 25"""""""""""SCCPDH 25"""""""""""""TSPO 25""""""""""""""GJA1 25"""""""""""""FOXO6 25""""""""""""""TSKU 25"""""""""""""MED24 25""""""""""""""MORN5 25""""""""""""""RAMP1
26"""""""""PRICKLE2 26"""""""""SLC25A22 26"""""""""C16orf59 26""""""""""""AGPAT5 26""""""""""""""CDK6 26"""""""""""""IRF10 26""""""""""""""""na 26"""""""""""""""CDK6 26""""""""""""""SPRY4
27"""""""""""ZNF704 27""""""""""""PLCG1 27"""""""""""""""na 27""""""""""C11ORF24 27"""""""""""""ELMO1 27""""""""""""""IRK1 27""""""""""""""IRF10 27""""""""""""""SPRY4
28"""""""""""SCPEP1 28""""""""""""ACBD6 28"""""""""""KLHL17 28""""""""""""""""na 28""""""""""""""PIM1 28""""""""""""""PAX1 28""""""""""""""SALL1 28""""""""""""""P2RY1
29"""""""""CDC42EP1 29"""""""""""MRPS17 29"""""""""""GNPDA1 29"""""""""""""CPED1 29""""""""""""""ENC1 29""""""""""""""PIM1 29"""""""""""TMEM132D 29"""""""""""""""TBX3
30""""""""""""PLCG1 30"""""""""PRICKLE2 30""""""""""""""""na 30"""""""""""KBTBD11 30""""""""""""DUSP26 30"""""""""""""""RHOJ 30""""""""""""""STRA6
31""""""""""""APBB2 31"""""""""""""TLE3 31"""""""""""""""TUB 31"""""""""""""PODXL 31""""""""""""""""na 31"""""""""""SLC25A22 31"""""""""""""""HAS2
32""""""""""""TM2D3 32"""""""""""PARP16 32""""""""""""""CTSD 32""""""""""""""NDNF 32"""""""""""ADAMTS9 32""""""""""""""FARJ1 32"""""""""""""""FGF1
33"""""""""SLC25A22 33""""""""""B4GALT3 33"""""""""""""ABCC3 33"""""""""""""PAMR1 33""""""""""HS3ST3A1 33""""""""""""""PTGS1 33""""""""""""""""VTN
34"""""""""""SCCPDH 34"""""""""CDC42EP1 34""""""""""""ZNF521 34"""""""""""""EPHB1 34"""""""""""""LMCD1 34""""""""""""""FZD10 34""""""""""""""FGF10
35""""""""""GDAP1L1 35"""""""""""""APBB2 35"""""""""""""CAPN5 35"""""""""""""EPHB1 35"""""""""""""SORBS1 35"""""""""""""""IGF2
36""""""""""WDR83OS 36"""""""""""""38596 36""""""""""""""TLL2 36""""""""""""""ASB9 36""""""""""""""CPED1 36""""""""""""""MORN5
37""""""""""""PLCG1 37""""""""""""NOTCH2 37""""""""""""GNPDA1 37""""""""""""""LMO7 37""""""""""""SLC38A6 37""""""""""""""RSPO3
38"""""""""""CYB5D2 38""""""""""""PARP16 38""""""""""""""ASB9 38""""""""""""LRRC32 38""""""""""""""PODXL 38""""""""""""""PODXL
39"""""""""""SCPEP1 39"""""""""C7H2orf69 39""""""""""""MAP4K4 39"""""""""""KBTBD11 39"""""""""""""""EYA1 39""""""""""""""ELMO1
40"""""""""""AGPAT5 40""""""""""""SCPEP1 40"""""""""""GDAP1L1 40"""""""""""""ABCG4 40""""""""""""""SNED1 40""""""""""""""SALL1
41""""""""RAB11FIP4 41""""""""""""ZNHIT6 41""""""""""""""RIC3 41"""""""""""""""NPY 41""""""""""""GRAMD1C 41"""""""""""""VSTM2L
42"""""""""SLC25A22 42""""""""""""""MSI2 42""""""""""""""EYA1 42""""""""""""""""na 42"""""""""""""""SDK2 42"""""""""""""""RHOJ
43""""""""""""PREP2 43""""""""""""""GPHN 43"""""""""""""PRKD1 43""""""""""""""GBX2 43""""""""""""""EPHB1 43"""""""""""""""CDK6
44""""""""""""TM2D3 44"""""""""""""SETD7 44""""""""""SLC25A22 44"""""""""""""FGF10 44"""""""""""""COL4A2 44"""""""""""""""""na
45""""""""""""APBB2 45"""""""""""""PLCG1 45"""""""""""GRAMD1C 45""""""""""""""""na 45""""""""""""PLEKHH2 45""""""""""""""CASS4
46"""""""""""""CRYM 46"""""""""""""UBE4A 46""""""""""""SEMA6A 46"""""""""""""ELMO1 46"""""""""""""""SDC3 46"""""""""""""""TSKU
47"""""""""""ZNF740 47""""""""""""""""na 47""""""""""""""""na 47""""""""""""GNPDA1 47""""""""""""""CPLX2 47""""""""""""""PTGS1
48"""""""""""DUSP14 48""""""""""""""PWP1 48"""""""""""""VEGFA 48""""""""""TMEM200B 48"""""""""""""CAMK2D 48""""""""""""""IRF10
49""""""""""""PFDN1 49""""""""""""""LRP5 49""""""""""""""PIGA 49""""""""""""""ENC1 49""""""""""""""APBB2 49""""""""""""""ABCC3
50""""""""""""""ASNS 50"""""""""""""ABCC3 50"""""""""""""CAPN5 50""""""""""""""TMTC2 50"""""""""""""""SIX1
51""""""""""""LANCL1 51""""""""""""""TLL1 51""""""""""""""""na 51""""""""""""""ABCG4 51""""""""""""""FARJ1
52""""""""""""""ELF2 52""""""""""""SCPEP1 52""""""""""""""CDK6 52""""""""""""""PROM1 52"""""""""""""""MYRF
53"""""""""""""SURF2 53""""""""""""""HEY1 53"""""""""""""VEGFA 53"""""""""""""TSPAN9 53""""""""""""""FRAS1
54""""""""""""HSPA14 54""""""""""""""NID1 54""""""""""""""TLL2 54""""""""""""""""TUB 54""""""""""""KBTBD11
55""""""""""""""HN1L 55""""""""""""""NET1 55""""""""""""SEMA6A 55""""""""""""""FBXL7 55""""""""""""SLC38A6
56"""""""""""""LIMS1 56"""""""""""SLC38A6 56""""""""""""SORBS1 56"""""""""""""WDYHV1 56""""""""""""""PAMR1
57"""""""""""""AKAP1 57""""""""""""""SDK2 57""""""""""""""CNR1 57"""""""""""""AGPAT5 57"""""""""""""""GJB3
58""""""""""HSD17B12 58"""""""""""""APBB2 58""""""""""""FBRSL1 58"""""""""""""GNPDA1 58""""""""""""""CAPN5
59""""""""""""GEMIN4 59""""""""""""AGPAT5 59""""""""""""""""na 59"""""""""""""""HES4 59"""""""""""""""VCAN
60""""""""""""""RFC1 60"""""""""""""SKAP2 60"""""""""""""ABCC3 60""""""""""""""CMTM8 60""""""""""""""UNC5D
61""""""""""""SETDB2 61""""""""""""""SOX9 61""""""""""""SCPEP1 61""""""""""""B4GALT3 61"""""""""""""""PIM1
62""""""""""""EXOSC9 62""""""""""""PDGFJA 62""""""""""""""HES4 62"""""""""""""PDGFJA 62""""""""""""""""MSC
63"""""""""""RAPGEF1 63""""""""""""""""na 63""""""""""SLC25A22 63"""""""""""ARHGAP28 63"""""""""""""""ENC1
64"""""""""""""SART3 64""""""""""ARHGAP26 64""""""""""""""CD69 64"""""""""""""""PIGA 64""""""""""""""REV3L
65""""""""""""""XPO7 65"""""""""""""PLCG1 65""""""""""""""RFFL 65""""""""""""SLC10A7 65""""""""""""""HAND2
66"""""""""""""MYST2 66"""""""""""""IGSF3 66"""""""""""""LSAMP 66"""""""""""""""VILL 66""""""""""""""ABCG4
67""""""""""""PRPF39 67"""""""""""""AP1S2 67""""""""""""""HEY1 67""""""""""""""LPIN1 67"""""""""""""SCNN1B
68""""""""""""MUDENG 68"""""""""""FAM116A 68"""""""""""SLC10A7 68""""""""""""""ACSL6 68"""""""""""""""TLL2
69""""""""""""""AGRN 69""""""""""""AGPAT5 69"""""""""""""""NID1 69""""""""""""""CPED1
70""""""""""""PARP16 70"""""""""""""""MCC 70""""""""""""PIK3IP1 70"""""""""""""PDZRN3
71"""""""""""""FMNL2 71""""""""""""""PIGA 71""""""""""""""PLCG1 71"""""""""""SLC25A22
72""""""""""""""LRP5 72""""""""""C16orf59 72"""""""""""""""DPYD 72""""""""""""""FZD10
73""""""""""""""GPHN 73""""""""""""""EYA1 73"""""""""""""ZNF521 73"""""""""""""""RFFL
74""""""""""""""B9D1 74"""""""""""B4GALT3 74""""""""""""""AP1S2 74""""""""""""""CPLX2
75""""""""""""NDUFA8 75""""""""""""""SDK2 75""""""""""""""RASA2 75"""""""""""""""EYA1
76""""""""""""""MSI2 76""""""""""""""NET1 76""""""""""""""SPSB4 76"""""""""""""GNPDA1
77""""""""""""""PDCL 77"""""""""""""FMNL2 77""""""""""""""PDE8A 77"""""""""""""HOXD10
78""""""""""""CACHD1 78"""""""""""PIK3IP1 78"""""""""""""GPRIN3 78"""""""""""""SORBS1
79"""""""""""""CISD2 79""""""""""CDC42EP1 79"""""""""""""""GPHN 79"""""""""""""RNF122
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Appendix	   1	   Continued	   |	   (Linked	   to	   Table	   3)	   Genes	   significantly	   upregulated	   by	  
different	   Shh	   treatments	   in	   forelimb	   explants.	   Genes	   that	   are	  positively,	   differentially	  expressed	  in	  forelimb	  explants	  dosed	  with	  designated	  concentration	  of	  Shh	  morphogen	  for	  designated	  period	  of	  time,	  compared	  to	  control	  explants,	  as	  measured	  by	  normalised	  read	  counts.	   Gene	   lists	   are	   ordered	   by	   greatest	   difference	   in	   normalised	   read	   counts	   between	  explants	   under	   designated	   treatment	   and	   control	   explants.	   Novel,	   unnamed	   genes	   are	  described	  as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	   test,	  p=	  <0.05.	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Appendix	  2	  |	  (Linked	  to	  Table	  4)	  Genes	  significantly	  downregulated	  by	  different	  Shh	  
treatments	   in	   forelimb	   explants.	   Genes	   that	   are	   negatively	   differentially	   expressed	   in	  forelimb	  explants	  dosed	  with	  designated	   concentration	  of	   Shh	  morphogen	   for	   designated	  period	  of	  time,	  compared	  to	  control	  explants,	  as	  measured	  by	  normalised	  read	  counts.	  	  Gene	  lists	  are	  ordered	  by	  greatest	  difference	  in	  normalised	  read	  counts	  between	  explants	  under	  designated	   treatment	   and	   control	   explants.	   Novel,	   unnamed	   genes	   are	   described	   as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	  test,	  p=	  <0.05.	  
	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
1""""""""""""""APOA1 1"""""""""""""""MYLK 1"""""""""""""""APOA1 1""""""""""""""""""GSC 1""""""""""""""""""GSC 1""""""""""""""""""GSC 1""""""""""""""""DKK.1 1"""""""""""""""""LHX9 1"""""""""""""""""LHX9
2""""""""""""""KRT15 2""""""""""""ST3GAL1 2""""""""""""""""MYLK 2"""""""""""""""""PTX3 2""""""""""""""""ALX.4 2""""""""""""""""ALX.4 2"""""""""""""""""LHX9 2""""""""""""""RASL11B 2""""""""""""""""""GSC
3""""""""""""""TGFB2 3"""""""""""""""LHX2 3""""""""""""""""LGR5 3"""""""""""""""""IRX5 3"""""""""""""""""MSX1 3"""""""""""""""""PTX3 3""""""""""""""FILIP1L 3"""""""""""""""""GAS1 3"""""""""""""""""PTX3
4""""""""""""COL12A1 4""""""""""""GPR137C 4"""""""""""""ST3GAL1 4""""""""""""""""P4HA3 4"""""""""""""""""PTX3 4"""""""""""""""BARX2B 4""""""""""""""RASL11B 4""""""""""""""FILIP1L 4"""""""""""""""""SOX8
5"""""""""""""""MYLK 5""""""""""""PLEKHA1 5""""""""""""""""LHX2 5"""""""""""""""""CDON 5""""""""""""""RASL11B 5"""""""""""""""""MSX2 5""""""""""""""""""CCK 5""""""""""""""""MERTK 5""""""""""""""RASL11B
6"""""""""""""""LHX2 6"""""""""""""""HEG1 6"""""""""""""""""DCN 6"""""""""""""""""""na 6"""""""""""""""HS6ST1 6"""""""""""""""""MSX1 6"""""""""""""""""MSX2 6""""""""""""""""ALX.4 6"""""""""""""""""GAS1
7""""""""""""PLEKHA1 7"""""""""""""""LSP1 7"""""""""""""""TSHZ1 7""""""""""""""""PRRX1 7"""""""""""""""""CD82 7""""""""""""""""WNT7B 7""""""""""""""""ALX.4 7"""""""""""""""""MSX2 7""""""""""""""""""TOX
8"""""""""""""""ORC6 8""""""""""""""RAB30 8""""""""""""""""LSP1 8""""""""""""""""LPAR2 8"""""""""""""""""LGR5 8""""""""""""""TMEM108 8"""""""""""""""""MSX1 8"""""""""""""""""CD82 8""""""""""""""""""CCK
9""""""""""""""RAB30 9"""""""""""""""TPM1 9""""""""""""""HNRNPD 9"""""""""""""""THSD7B 9"""""""""""""""""ZIC2 9""""""""""""""RASL11B 9"""""""""""""""""CD82 9"""""""""""""""""MSX1 9""""""""""""""""ALX.4
10""""""""""""""KIF5C 10"""""""""""""SOSTDC1 10"""""""""""""""PRRX1 10""""""""""""""""CD82 10""""""""""""""""GAS1 10"""""""""""""""""CCK 10"""""""""""""FILIP1L
11"""""""""""""""TPM1 11""""""""""""""HS6ST1 11""""""""""""""BARX2B 11""""""""""""""TFAP2B 11"""""""""""""S100A16 11""""""""""""""""""na 11""""""""""""""""PKP2
12""""""""""""""DNM1L 12""""""""""""""""""na 12""""""""""""""GLCCI1 12"""""""""""""""""VIT 12""""""""""""""""IRX5 12""""""""""""""""SGK1 12"""""""""""""""MERTK
13"""""""""""""""GDI2 13""""""""""""""""LMO4 13""""""""""""""""""na 13""""""""""""""""LHX2 13"""""""""""""""MERTK 13"""""""""""""S100A16 13""""""""""""""""GAS1
14""""""""""""""GSPT1 14""""""""""""""""LMO4 14"""""""""""""""PRRX1 14""""""""""""""""PTRF 14"""""""""""""""PRRX1 14""""""""""""""""CD82
15"""""""""""""""ARF5 15""""""""""""""CCRN4L 15""""""""""""""HS6ST1 15""""""""""""""HS6ST1 15""""""""""""""HS6ST1 15""""""""""""""""MSX1
16""""""""""""""YWHAQ 16"""""""""""""COL24A1 16""""""""""""""""LGR5 16"""""""""""""""SCNM1 16""""""""""""""""IRX5 16""""""""""""""""MSX2
17""""""""""""ALDH18A1 17"""""""""""""""DACT2 17"""""""""""""""PSMB3 17"""""""""""""""STX18 17""""""""""""""""IRX5
18"""""""""""""""CEP76 18""""""""""""""""IRX5 18"""""""""""""""SPCS1 18""""""""""""""""PTRF 18""""""""""""""HS6ST1
19""""""""""""""""BMP7 19""""""""""""""""PAK1 19""""""""""""""""FEZ1 19""""""""""""""""FEZ1 19"""""""""""""TMEM108
20""""""""""""""""COG1 20""""""""""""""GLCCI1 20""""""""""""""""""na 20""""""""""""""""LLPH 20"""""""""""""""PRRX1
21""""""""""""""MRPL15 21"""""""""""""SOSTDC1 21""""""""""""""""MYL4 21""""""""""""""POLR1D 21"""""""""""""""DISP1
22"""""""""""""""RSPO2 22""""""""""""""SPRYD3 22""""""""""""""""ASPG 22""""""""""""""SH3D19
23""""""""""""TMEM200A 23""""""""""""""""""na 23""""""""""""""""LMO4 23""""""""""""""""SGK1
24""""""""""""""""TP63 24"""""""""""""CHSAP18 24"""""""""""""""SPCS1 24"""""""""""""""OLFM1
25""""""""""""SLC25A29 25""""""""""""""CHMP1A 25"""""""""""""""RAB20 25"""""""""""""""RAB4A
26""""""""""""""THSD7B 26"""""""""""""""RNF41 26"""""""""""""""PSMB3 26""""""""""""""ANGPT1
27"""""""""""""PPFIBP2 27""""""""""""""ZNF740 27""""""""""""""SYNGR2 27"""""""""""""S100A16
28"""""""""""""""CEP76 28"""""""""""""""SMAP2 28"""""""""""""""RPL29 28""""""""""""""ADAM33
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Appendix	   3	   |	   (Linked	   to	   Table	   5)	   Genes	   significantly	   upregulated	   by	   different	   Shh	  
treatments	   in	   hindlimb	   explants.	   Genes	   that	   are	   positively,	   differentially	   expressed	   in	  hindlimb	  explants	  dosed	  with	  designated	  concentration	  of	  Shh	  morphogen	   for	  designated	  period	  of	  time,	  compared	  to	  control	  explants,	  as	  measured	  by	  normalised	  read	  counts.	  Gene	  lists	  are	  ordered	  by	  greatest	  difference	  in	  normalised	  read	  counts	  between	  explants	  under	  designated	   treatment	   and	   control	   explants.	   Novel,	   unnamed	   genes	   are	   described	   as	   "na".	  Significance	   determined	   by	   one-­‐way	   ANOVA	   and	   Tukey's	   post	   hoc	   test,	   p=	   <0.05.	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
1""""""""""GPATCH3 1""""""""""""""MSC 1""""""""""""SAMD11 1"""""""""""""""SIX1 1""""""""""""""PTCH2 1""""""""""""""PTCH2 1""""""""""""""CNTFR 1""""""""""""""PTCH2 1"""""""""""""""PTCH2
2"""""""""""""MDM2 2""""""""""MAPK8IP2 2""""""""""""ALDH1A2 2"""""""""""""""GLI1 2"""""""""""""""GLI1 2"""""""""""""""GLI1 2""""""""""""""CNTFR 2""""""""""""""""HHIP
3"""""""""""ZNF839 3""""""""""""""NRP1 3"""""""""""""""BMP2 3""""""""""""""PTCH1 3""""""""""""""FOXF1 3""""""""""""""AMER2 3"""""""""""""""HHIP 3"""""""""""""""CNTFR
4"""""""""""""EXD2 4"""""""""""""PRKD1 4"""""""""""""""PIGG 4"""""""""""""""BMP2 4""""""""""""""PTCH1 4"""""""""""""""FIGF 4"""""""""""""""OSR1 4""""""""""""""""OSR1
5"""""""""""LSM14B 5"""""""""""""""GAK 5""""""""""""ADAMTS9 5"""""""""""""""SIX1 5"""""""""""""HAPLN1 5"""""""""""""""IRK1 5""""""""""""""FOXF1 5""""""""""""""EFEMP1
6""""""""""""ASXL1 6""""""""""""""PELO 6""""""""""""""FGFR4 6"""""""""""""""DPYS 6"""""""""""""""BMP2 6""""""""""""""STRA6 6"""""""""""""""GLI1 6""""""""""""""HOXD13
7"""""""""""""ODF2 7"""""""""""""F2RL2 7""""""""""""""PMP22 7"""""""""""""""FIGF 7"""""""""""""""FIGF 7"""""""""""""""NGFR 7"""""""""""""HOXD13 7"""""""""""""""FOXF1
8""""""""""C5orf24 8"""""""""""""TSSC4 8""""""""""""GRAMD1C 8""""""""""""""PODXL 8"""""""""""""""SIX1 8""""""""""""""PTCH1 8"""""""""""""""FIGF 8"""""""""""""""PTCH1
9"""""""""""""CNOT4 9""""""""""""""PKDCC 9"""""""""""""""PAG1 9"""""""""""""""IGF2 9"""""""""""""SCUBE3 9"""""""""""""""BMP2 9""""""""""""""""GLI1
10"""""""""""PTP4A3 10"""""""""""MSANTD1 10""""""""""""""PIGG 10""""""""""""""ANO1 10"""""""""""""OPRM1 10"""""""""""""AMER2 10"""""""""""""""BMP2
11""""""""""""SYT11 11"""""""""""""FZD10 11""""""""""""""NPR3 11"""""""""""ALDH1A2 11"""""""""""GDAP1L1 11"""""""""""""PTCH1 11"""""""""""""""FIGF
12""""""""""C5orf24 12""""""""""""HOXD11 12""""""""""""""HAS2 12"""""""""""""PODXL 12""""""""""RASGEF1B 12"""""""""""""""WT1 12""""""""""""""AMER2
13""""""""""""""TBX3 13"""""""""""SLC26A9 13"""""""""""""POSTN 13"""""""""""""PTPRU 13""""""""""""HOXD12 13"""""""""""""HOXD12
14"""""""""""DNAJC12 14"""""""""""GRAMD1C 14""""""""""""""HAS2 14"""""""""""""ELMO1 14"""""""""""""HAND2 14"""""""""""""""FGF1
15""""""""""KIAA1462 15"""""""""""MSANTD1 15""""""""""""""LHX6 15""""""""""""""EYA1 15""""""""""""""LIX1 15"""""""""""RASGEF1B
16""""""""""TMEM106C 16"""""""""""""FRAS1 16"""""""""""SLC26A9 16"""""""""""RUNX1T1 16"""""""""""""CPXM2 16"""""""""""""""""na
17""""""""""""ZNF704 17""""""""""""HOXA13 17""""""""""""""NPR3 17""""""""""""""""na 17""""""""""""""PIGG 17"""""""""""""""SIX1
18"""""""""""""MANBA 18"""""""""""""P2RY1 18""""""""""""""PAG1 18"""""""""""""PODXL 18"""""""""""""FOXC2 18""""""""""""""SPRY4
19""""""""""""COL6A3 19"""""""""""""NCALD 19""""""""""""""TBX3 19"""""""""""""""PTN 19""""""""""""""IRK1 19""""""""""""""SPRY4
20"""""""""""""CD151 20"""""""""""""PLOD2 20"""""""""""""""EMB 20""""""""""""""ASB9 20""""""""""""VSTM2L 20"""""""""""""""GJA4
21""""""""""C10ORF11 21""""""""""""HOXD11 21"""""""""""GRAMD1C 21"""""""""""""LIMS1 21""""""""""""HOXA13 21""""""""""""""HAND2
22""""""""""""""""na 22"""""""""""DNAJC12 22""""""""""""""PIGG 22""""""""""""""""na 22""""""""""""""TBX3 22"""""""ENSGALG11911
23""""""""""""""""na 23""""""""""""""HES4 23"""""""""""GDAP1L1 23"""""""""""GRAMD1C 23""""""""""RASGEF1B 23"""""""""""""""PIGG
24""""""""""""""""na 24""""""""""""""TLL2 24"""""""""""ADAMTS9 24""""""""""""COL4A2 24"""""""""""""PODXL 24""""""""""""""""VTN
25"""""""""""""PLOD2 25""""""""""""""TBX3 25""""""""""""""""na 25"""""""""""SLC38A6 25"""""""""""""RSPO3 25"""""""""""""""TBX3
26""""""""""""""NPNT 26"""""""""""""FABP5 26"""""""""""""""VTN 26""""""""""""""TSKU 26""""""""""""HOXD11 26""""""""""""""CPXM2
27""""""""""""SCPEP1 27"""""""""""""PKDCC 27""""""""""""HOXD11 27"""""""""""NEURL1B 27"""""""""""GDAP1L1 27"""""""""""""HOXD11
28"""""""""""PIK3IP1 28""""""""""""""PDXK 28""""""""""""""HES4 28"""""""""""CORTBP2 28"""""""""""""STRA6 28"""""""""""""HOXA13
29"""""""""""""""TOB 29""""""""""TMEM106C 29"""""""""""MSANTD1 29"""""""""""Unchar4 29""""""""""""SCUBE3 29"""""""""""""VSTM2L
30""""""""""""""ASB9 30"""""""""""""OLFM3 30"""""""""""""P2RY1 30"""""""""""""NR2F2 30""""""""""""PDZRN4 30""""""""""""""ELMO1
31""""""""""KIAA1715 31""""""""""""GPRIN3 31""""""""""""HOXA13 31""""""""""""""MSI1 31""""""""""""""TOX2 31"""""""""""""""LMO1
32""""""""""""DEPDC1 32"""""""""""""KITLG 32"""""""""""""PLOD2 32"""""""""""""EPHB3 32"""""""""""""IRF10 32""""""""""""ADAMTS9
33"""""""""""""""APP 33""""""""""""""PAWR 33"""""""""""""FGFR4 33""""""""""""STXBP5 33""""""""""""""EYA1 33""""""""""""""KCNH5
34"""""""""""B4GALT3 34""""""""""""ZNF704 34"""""""""""""PTGS1 34"""""""""""""""SRR 34"""""""""""RUNX1T1 34""""""""""""""PODXL
35"""""""""""""""AGA 35""""""""""""SCPEP1 35"""""""""""""P4HA2 35""""""""""""KLHL25 35""""""""""""""HEY1 35"""""""""""""""IRK1
36"""""""""""""RRAS2 36"""""""""""""PTGS1 36"""""""""""""NCALD 36""""""""""""HOXA10 36"""""""""""""CYYR1 36"""""""""""""SCUBE3
37""""""""""""""""na 37""""""""""""""""na 37""""""""""""""TLL2 37""""""""""""""ROR1 37"""""""""""GRAMD1C 37""""""""""""""CASS4
38""""""""""""RAB11B 38""""""""""""""PIM1 38""""""""""TMEM200B 38"""""""""""""PCSK6 38""""""""""""GNPDA1 38"""""""""""""""EYA1
39"""""""""""""KPNA2 39"""""""""""""SKAP2 39""""""""""""""PDXK 39""""""""""""STRADB 39"""""""""""""SARM1 39""""""""""""""RSPO3
40""""""""""""""RNF7 40""""""""""""IGFBP2 40"""""""""""DNAJC12 40""""""""""""SCPEP1 40"""""""""""SLC38A6 40""""""""""""GDAP1L1
41""""""""""""""PLK1 41""""""""""""""ASB9 41""""""""""""HHIPL1 41""""""""""""""GPHN 41"""""""""""FAM163A 41""""""""""""SLC38A6
42""""""""""""""CBX3 42"""""""""""""AP1S2 42"""""""""""""MORN5 42""""""""""""""DPYD 42"""""""""""FAM101B 42"""""""""""""""TOX2
43""""""""""""SAMM50 43""""""""""""MTHFSD 43""""""""""""""SDK2 43""""""""""""""JDP2 43"""""""""""""ARAP3 43""""""""""""""IRF10
44""""""""""""ARPC1A 44"""""""""""""""DCN 44""""""""""TMEM106C 44"""""""""""""AFAP1 44"""""""""""""FGF10 44"""""""""""""""""na
45"""""""""""""BLCAP 45""""""""""""""TJP2 45""""""""""PPAPDC1A 45""""""""""""LSM14B 45"""""""""""NEURL1B 45""""""""""""""LIMS1
46"""""""""""""GPSM1 46""""""""""""ZNF704 46""""""""""""MAP4K3 46"""""""""""Unchar4 46"""""""""""""""HAS2
47""""""""""""DEPDC1 47"""""""""""""PKDCC 47"""""""""""""LIMS1 47"""""""""""""GNPDA1
48"""""""""""PIK3IP1 48"""""""""""""OLFM3 48""""""""""""HOXA11 48""""""""""""IL13RA2
49"""""""""""""CHST6 49""""""""""""""NELF 49""""""""""""COL4A2 49""""""""""""""FGF10
50""""""""""""""SNX6 50""""""""""""SCPEP1 50""""""""""""AGPAT5 50"""""""""""""PDZRN4
51""""""""""""""RNF7 51""""""""""""""""na 51"""""""""""PIK3IP1 51"""""""""""""""HES4
52"""""""""""""KPNA2 52""""""""""""""AGRN 52""""""""""""""PIGA 52""""""""""""""CPED1
53""""""""""""""BBS5 53""""""""""""""ASB9 53""""""""""""TSPAN9 53""""""""""""GRAMD1C
54""""""""""""""TYMS 54""""""""""""""CNR1 54"""""""""""""EPHB3 54"""""""""""""""HEY1
55""""""""""""""CBX3 55""""""""""""""PIM1 55""""""""""""SCPEP1 55""""""""""""""SARM1
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Appendix	   3	   continued	   |	   (Linked	   to	   Table	   5)	   Genes	   significantly	   upregulated	   by	  
different	   Shh	   treatments	   in	   hindlimb	   explants.	  Genes	  that	  are	  positively,	  differentially	  expressed	  in	  hindlimb	  explants	  dosed	  with	  designated	  concentration	  of	  Shh	  morphogen	  for	  designated	  period	  of	  time,	  compared	  to	  control	  explants,	  as	  measured	  by	  normalised	  read	  counts.	   Gene	   lists	   are	   ordered	   by	   greatest	   difference	   in	   normalised	   read	   counts	   between	  explants	   under	   designated	   treatment	   and	   control	   explants.	   Novel,	   unnamed	   genes	   are	  described	  as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	   test,	  p=	  <0.05.	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Appendix	  4	  |(Linked	  to	  Table	  6)	  Genes	  significantly	  downregulated	  by	  different	  Shh	  
treatments	   in	   hindlimb	   explants.	   Genes	   that	   are	   negatively	   differentially	   expressed	   in	  hindlimb	  explants	  dosed	  with	  designated	  concentration	  of	  Shh	  morphogen	   for	  designated	  period	  of	  time,	  compared	  to	  control	  explants,	  as	  measured	  by	  normalised	  read	  counts.	  Gene	  lists	  are	  ordered	  by	  greatest	  difference	  in	  normalised	  read	  counts	  between	  explants	  under	  designated	   treatment	  and	  control	   explants.	   	  Novel,	  unnamed	  genes	  are	  described	  as	   "na".	  Significance	  determined	  by	  one-­‐way	  ANOVA	  and	  Tukey's	  post	  hoc	  test,	  p=	  <0.05.	  
	   	  
   2nM 4nM   8nM    2nM 4nM   8nM    2nM 4nM   8nM
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5)))))))))))))))))MSX1 5)))))))))))))))))))na 5)))))))))))))))))LHX2 5)))))))))))))))))LAD1 5)))))))))))))))))PTX3 5)))))))))))))))))MSX1
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23)))))))))))))))BTBD6 23)))))))))))))))GSDMA 23))))))))))))))HS6ST1 23))))))))))))))CALML3
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27)))))))))))))IRF2BP2 27))))))))))))))COMTD1 27))))))))))))))))LMO4 27)))))))))))))))FNDC4
28))))))))))))))PHLDA2 28))))))))))))))))SMTN 28))))))))))))))))PBX3 28)))))))))))))))KRT19
29))))))))))))))TRIM35 29)))))))))))))GNPNAT1 29)))))))))))))))))LTF 29))))))))))))))))LY6E
30)))))))))))))))PQLC2 30))))))))))))))HPCAL1 30))))))))))))))))MSX1 30)))))))))))))))STX18
31))))))))))))))))SMTN 31)))))))))))))CCDC101 31)))))))))))))))BASP1 31))))))))))))SERPINF1
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Appendix	   5	   |	   Plasmid	  map	   of	   c.Foxc2_pSK.	   (A)	   Schematic	  of	   cloning	   strategy.	  A	  500bp	  region	   of	   chicken	   Foxc2	   cDNA	   was	   amplified	   from	   whole	   chicken	   cDNA	   with	   primers	  designed	  using	  Primer3	  (Untergasser	  et	  al.	  2012)	  -­‐	  that	  had	  BamHI	  and	  SpeI	  sites	  added	  to	  5’	   of	   forward	   and	   reverse	   primers	   respectively	   -­‐	   and	  was	   cloned	   into	   a	   pBluescript	   SK	   II	  vector.	  Plasmid	  map	  was	  generated	  using	  PlasMapper	  2.0	  (Dong	  et	  al.	  2004).	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Appendix	   6	   |	   Plasmid	  map	   of	   c.Foxf1_pSK.	  A	  500bp	   region	  of	   chicken	  Foxf1	   cDNA	  was	  amplified	  from	  whole	  chicken	  cDNA	  with	  primers	  designed	  using	  Primer3	  (Untergasser	  et	  al.	   2012)	   -­‐	   that	   had	   BamHI	   and	   SpeI	   sites	   added	   to	   5’	   of	   forward	   and	   reverse	   primers	  respectively	  -­‐	  and	  was	  cloned	   into	  a	  pBluescript	  SK	  II	  vector.	  Plasmid	  map	  was	  generated	  using	  PlasMapper	  2.0	  (Dong	  et	  al.	  2004).	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#Forelimb 6 hours, induced  
 
on.fl<-subset (data, fl_sum >24) 
fl.6.2nm<-on.fl[order(on.fl$FL_0nM_6hr/on.fl$FL_2nM_6hr ), ] 




on.fl<-subset (data, fl_sum >24) 
fl.6.4nm<-on.fl[order(on.fl$FL_0nM_6hr/on.fl$FL_4nM_6hr ), ] 




on.fl<-subset (data, fl_sum >24) 
fl.6.8nm<-on.fl[order(on.fl$FL_0nM_6hr/on.fl$FL_8nM_6hr ), ] 




#Unique lists  
fl.6.2nm.only<-as.character(fl.6.2nm.induced[! fl.6.2nm.induced 












#Forelimb 12 hours, induced 
 
on.fl<-subset (data, fl_sum >24) 
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as.data.frame(fl.12.2nm.induced) 
 
on.fl<-subset (data, fl_sum >24) 






on.fl<-subset (data, fl_sum >24) 






#Unique lists  
fl.12.2nm.only<-as.character(fl.12.2nm.induced[! 












#Forelimb 16 hours, induced 
 
on.fl<-subset (data, fl_sum >24) 






on.fl<-subset (data, fl_sum >24) 






on.fl<-subset (data, fl_sum >24) 
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as.data.frame(fl.16.8nm.induced) 
 
#Unique lists  
fl.16.2nm.only<-as.character(fl.16.2nm.induced[! 












#Common to all fl lists @ 6hours 
fl.6hr<-fl.6.2nm.induced[fl.6.2nm.induced %in% fl.6.4nm.induced & 
fl.6.2nm.induced %in% fl.6.8nm.induced] 
as.data.frame(fl.6hr) 
 
#Common to all fl lists @ 12hours 
fl.12hr<-fl.12.2nm.induced[fl.12.2nm.induced %in% 
fl.12.4nm.induced & fl.12.2nm.induced %in% fl.12.8nm.induced] 
as.data.frame(fl.12hr) 
 
#Common to all fl lists @ 16hours 
fl.16hr<-fl.16.2nm.induced[fl.16.2nm.induced %in% 
fl.16.4nm.induced & fl.16.2nm.induced %in% fl.16.8nm.induced] 
as.data.frame(fl.16hr) 
 
#Unique FL time lists  
fl.6hr.only<-as.character(fl.6hr[! fl.6hr %in% fl.12hr & ! fl.6hr 
%in% fl.16hr]) 
as.data.frame(fl.6hr.only) 
fl.12hr.only<-as.character(fl.12hr[! fl.12hr %in% fl.6hr & ! 
fl.12hr %in% fl.16hr]) 
as.data.frame(fl.12hr.only) 
fl.16hr.only<-as.character(fl.16hr[! fl.16hr %in% fl.6hr & ! 
fl.16hr %in% fl.12hr]) 
as.data.frame(fl.16hr.only) 
 
#Common to all forelimb lists 




#Hindlimb 6 hours, induced  
 
on.hl<-subset (data, hl_sum >24) 
hl.6.2nm<-on.hl[order(on.hl$HL_0nM_6hr/on.hl$HL_2nM_6hr ), ] 
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on.hl<-subset (data, hl_sum >24) 
hl.6.4nm<-on.hl[order(on.hl$HL_0nM_6hr/on.hl$HL_4nM_6hr ), ] 




on.hl<-subset (data, hl_sum >24) 
hl.6.8nm<-on.hl[order(on.hl$HL_0nM_6hr/on.hl$HL_8nM_6hr ), ] 




#Unique lists  
hl.6.2nm.only<-as.character(hl.6.2nm.induced[! hl.6.2nm.induced 












#Common to all hl lists @ 6hours 
hl.6hr<-hl.6.2nm.induced[hl.6.2nm.induced %in% hl.6.4nm.induced & 
hl.6.2nm.induced %in% hl.6.8nm.induced] 
as.data.frame(hl.6hr) 
 
#Hindlimb 12 hours, induced  
 
on.hl<-subset (data, hl_sum >24) 






on.hl<-subset (data, hl_sum >24) 
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on.hl<-subset (data, hl_sum >24) 






#Unique lists  
hl.12.2nm.only<-as.character(hl.12.2nm.induced[! 












#Common to all hl lists @ 12hours 
hl.12hr<-hl.12.2nm.induced[hl.12.2nm.induced %in% 
hl.12.4nm.induced & hl.12.2nm.induced %in% hl.12.8nm.induced] 
as.data.frame(hl.12hr) 
 
#Hindlimb 16 hours, induced 
 
on.hl<-subset (data, hl_sum >24) 






on.hl<-subset (data, hl_sum >24) 






on.hl<-subset (data, hl_sum >24) 






#Unique lists  
hl.16.2nm.only<-as.character(hl.16.2nm.induced[! 
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#Common to all hl lists @ 16hours 
hl.16hr<-hl.16.2nm.induced[hl.16.2nm.induced %in% 
hl.16.4nm.induced & hl.16.2nm.induced %in% hl.16.8nm.induced] 
as.data.frame(hl.16hr) 
 
#Common to all hindlimb lists 




#Unique FL time lists  
hl.6hr.only<-as.character(hl.6hr[! hl.6hr %in% hl.12hr & ! hl.6hr 
%in% hl.16hr]) 
as.data.frame(hl.6hr.only) 
hl.12hr.only<-as.character(hl.12hr[! hl.12hr %in% hl.6hr & ! 
hl.12hr %in% hl.16hr]) 
as.data.frame(hl.12hr.only) 
hl.16hr.only<-as.character(hl.16hr[! hl.16hr %in% hl.6hr & ! 
hl.16hr %in% hl.12hr]) 
as.data.frame(hl.16hr.only) 
 












#Forelimb 6 hours, repressed 
 
on.fl<-subset (data, fl_sum >24) 









on.fl<-subset (data, fl_sum >24) 







on.fl<-subset (data, fl_sum >24) 







#Forelimb 12 hours, repressed 
 
on.fl<-subset (data, fl_sum >24) 







on.fl<-subset (data, fl_sum >24) 







on.fl<-subset (data, fl_sum >24) 







#Forelimb 16 hours, repressed 
 
on.fl<-subset (data, fl_sum >24) 
fl.16.2nm<-on.fl[order(on.fl$FL_2nM_16hr/on.fl$FL_0nM_16hr ), ] 
fl.16.2nm.repressed<-subset(fl.16.2nm, 
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on.fl<-subset (data, fl_sum >24) 







on.fl<-subset (data, fl_sum >24) 







#Hindlimb 6 hours, repressed 
 
on.hl<-subset (data, hl_sum >24) 







on.fl<-subset (data, hl_sum >24) 







on.hl<-subset (data, hl_sum >24) 







#Hindlimb 12 hours, repressed 
 
on.hl<-subset (data, hl_sum >24) 
hl.12.2nm<-on.hl[order(on.fl$HL_2nM_12hr/on.fl$HL_0nM_12hr ), ] 
Appendices	  







on.fl<-subset (data, hl_sum >24) 







on.hl<-subset (data, hl_sum >24) 







#Hindlimb 16 hours, repressed 
 
on.hl<-subset (data, hl_sum >24) 







on.hl<-subset (data, hl_sum >24) 







on.hl<-subset (data, hl_sum >24) 
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c<- data[which(data$FL_8nM_6hr >1.1 & data$FL_8nM_12hr >1.1 & 
data$FL_8nM_16hr >1.1 & data$FL_0nM_6hr <0.9 & data$FL_0nM_12hr 
<0.9 & data$FL_0nM_16hr <0.9 ), ] #To eliminate genes that show 






data<- subset (data, fl_sum>24) 
ptch1_like_fl<- subset (data, data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_4nM_6hr >data$FL_0nM_6hr & data$FL_8nM_6hr 
>data$FL_0nM_6hr & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_4nM_12hr >data$FL_0nM_12hr & data$FL_8nM_12hr 
>data$FL_0nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_4nM_16hr >data$FL_0nM_16hr & data$FL_8nM_16hr 
>data$FL_0nM_16hr & data$FL_2nM_16hr <data$FL_2nM_12hr & 
data$FL_8nM_16hr >data$FL_4nM_16hr & data$FL_4nM_16hr 
>data$FL_2nM_16hr & data$FL_8nM_16hr > data$FL_8nM_6hr & 
data$FL_4nM_16hr > data$FL_4nM_6hr & data$FL_8nM_12hr 
>data$FL_2nM_12hr & data$FL_8nM_12hr >data$FL_4nM_12hr) 
 
ptch1_like_fl <-ptch1_like_fl[order(ptch1_like_fl 
$FL_0nM_16hr/ptch1_like_fl $FL_8nM_16hr ), ] 
ptch1_like_fl <-tail(ptch1_like_fl, 100) 
ptch1_like_fl <-as.character(ptch1_like_fl $gene_name) 
as.data.frame(ptch1_like_fl) 
 
#ptch1_like_fl codes for A) induction by Shh at all 
concentrations and times.  B) to be graded by 16hr, C) for there 
to be accumulation at 8nM and 4nM between 6hr and 16hr,D) For 
there to be a characteristic dip in 2nM between 12hr and 16hr, 
E) for partial gradation (8nM greater than 4nM or 2nM) by 12 
hours and F) Ordered on greatest induction by 8nM at 16hr  
 
Have not made 8nM 16hr higher than 8nM 12hr as this elimaintes 
false negatives like Hs3st2 and Osr1 that show a minor but non-
significant dip between 12-16hr times.  
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data<- subset (data, fl_sum>24) 
hoxd13_like_fl <- data[which(data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_4nM_6hr >data$FL_0nM_6hr & data$FL_8nM_6hr 
>data$FL_0nM_6hr & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_4nM_12hr >data$FL_0nM_12hr & data$FL_8nM_12hr 
>data$FL_0nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_4nM_16hr >data$FL_0nM_16hr & data$FL_8nM_16hr 
>data$FL_0nM_16hr & data$FL_8nM_16hr >data$FL_4nM_16hr & 
data$FL_8nM_16hr >data$FL_4nM_16hr), ] 
 
hoxd13_like_fl <-hoxd13_like_fl[order(hoxd13_like_fl 
$FL_0nM_16hr/hoxd13_like_fl $FL_8nM_16hr ), ] 
hoxd13_like_fl <-as.character(hoxd13_like_fl $gene_name) 
hoxd13_like_fl <-head(hoxd13_like_fl, 100) 
as.data.frame(hoxd13_like_fl) 
 
#hoxd_like_fl codes for A) induction by Shh at all concentrations 
and times, B) specifies 8nM is highest at 16hr and C)  Ordered 
on greatest induction by 8nM at 16hr - but not a full graded 
response at end due to Hoxd lag. - Again have not made 8nM 16hr 
higher than 8nM 12hr as this elimaintes false negatives like 
Hs3st2 and Osr1 that show a minor but non-significant dip 




Hoxd_like_only<-as.character(Hoxd_like_fl[! Hoxd_like_fl %in% 
ptch1_like_fl & !Hoxd_like_fl %in% foxc2_like_fl ]) 
as.data.frame(Hoxd_like_only) 
 





data<- subset (data, fl_sum>24) 
foxc2_like_fl<- data[which(data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_4nM_6hr >data$FL_0nM_6hr & data$FL_8nM_6hr 
>data$FL_0nM_6hr  & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_4nM_12hr >data$FL_0nM_12hr & data$FL_8nM_12hr 
>data$FL_0nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_4nM_16hr >data$FL_0nM_16hr & data$FL_8nM_16hr 
>data$FL_0nM_16hr & data$FL_8nM_12hr >data$FL_4nM_12hr & 
data$FL_4nM_12hr >data$FL_2nM_12hr & data$FL_8nM_16hr 
>data$FL_4nM_16hr & data$FL_4nM_16hr >data$FL_2nM_16hr & 
data$FL_8nM_12hr >data$FL_8nM_16hr & data$FL_4nM_12hr 
>data$FL_4nM_16hr & data$FL_2nM_12hr >data$FL_2nM_16hr), ] 
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nM_12hr ), ] 
foxc2_like_fl<-tail(foxc2_like_fl, 100) 
foxc2_like_fl <-as.character(foxc2_like_fl $gene_name) 
as.data.frame(foxc2_like_fl) 
 
#foxc2_like_fl codes for A) induction by Shh at all 
concentrations and times B) a graded response at 12 hours and 16 
hours and C) 12hr (2nM, 4nM and 8nM) are higher than at 16hr 







data<- subset (data, fl_sum>24) 
smoc1_like_fl<- data[which(data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_4nM_6hr >data$FL_0nM_6hr & data$FL_8nM_6hr 
>data$FL_0nM_6hr  & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_4nM_12hr >data$FL_0nM_12hr & data$FL_8nM_12hr 
>data$FL_0nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_4nM_16hr >data$FL_0nM_16hr & data$FL_8nM_16hr 
>data$FL_0nM_16hr & data$FL_4nM_12hr >data$FL_8nM_12hr & 
data$FL_4nM_12hr >data$FL_2nM_12hr & data$FL_4nM_16hr 




nM_16hr ), ] 
smoc1_like_fl <-head(smoc1_like_fl, 100) 
smoc1_like_fl <-as.character(smoc1_like_fl $gene_name) 
as.data.frame(smoc1_like_fl) 
 
#smoc1_like_fl codes for A) induction by Shh at all 
concentrations and times, B) 4nM shows the peak response at 12hr 





data<- subset (data, fl_sum>24) 
twonm_like_fl<- data[which(data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_4nM_6hr >data$FL_0nM_6hr & data$FL_8nM_6hr 
>data$FL_0nM_6hr  & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_4nM_12hr >data$FL_0nM_12hr & data$FL_8nM_12hr 
>data$FL_0nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_4nM_16hr >data$FL_0nM_16hr & data$FL_8nM_16hr 
>data$FL_0nM_16hr & data$FL_2nM_12hr >data$FL_4nM_12hr & 
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data$FL_2nM_12hr >data$FL_8nM_12hr & data$FL_2nM_16hr 
>data$FL_4nM_16hr & data$FL_2nM_12hr >data$FL_8nM_16hr), ] 
 
twonm_like_fl <-twonm_like_fl[order(twonm_like_fl 




#twonm_like_fl codes for A) induction by Shh at all 
concentrations and times, B) 2nM highest at 12hr and 16hr C) 





data<- subset (data, fl_sum>24) 
sixhour_like_fl<- data[which(data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_4nM_6hr >data$FL_0nM_6hr & data$FL_8nM_6hr 
>data$FL_0nM_6hr  & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_4nM_12hr >data$FL_0nM_12hr & data$FL_8nM_12hr 
>data$FL_0nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_4nM_16hr >data$FL_0nM_16hr & data$FL_8nM_16hr 
>data$FL_0nM_16hr & data$FL_8nM_12hr >data$FL_4nM_12hr & 
data$FL_4nM_12hr >data$FL_2nM_12hr & data$FL_8nM_16hr 
>data$FL_4nM_16hr & data$FL_4nM_16hr >data$FL_2nM_16hr & 




$FL_0nM_6hr/sixhour_like_fl $FL_8nM_6hr ), ] 
sixhour_like_fl <-tail(sixhour_like_fl, 100) 
sixhour_like_fl <-as.character(sixhour_like_fl $gene_name) 
as.data.frame(sixhour_like_fl) 
 
#sixhour_like_fl codes for A) induction by Shh at all 
concentrations and times B) a graded response at 12 hours and 16 
hours and C) that values at 6hr (2nM, 4nM and 8nM) are higher 
than at 12 or 16hr (2nM, 4nM and 8nM), D) ordered by greatest 






data<- subset (data, fl_sum>24) 
grem1_like_fl <- data[which (data$FL_2nM_6hr >data$FL_0nM_6hr & 
data$FL_2nM_6hr >data$FL_4nM_6hr & data$FL_2nM_6hr 
>data$FL_8nM_6hr & data$FL_2nM_12hr >data$FL_0nM_12hr & 
data$FL_2nM_12hr >data$FL_4nM_12hr & data$FL_2nM_12hr 
>data$FL_8nM_12hr & data$FL_2nM_16hr >data$FL_0nM_16hr & 
data$FL_2nM_16hr >data$FL_4nM_16hr & data$FL_2nM_16hr 
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>data$FL_8nM_16hr & data$FL_2nM_12hr >data$FL_2nM_6hr & 
data$FL_4nM_12hr >data$FL_4nM_6hr), ] 
 
grem1_like_fl<-grem1_like_fl[order(grem1_like_fl 
$FL_0nM_12hr/grem1_like_fl $FL_2nM_12hr ), ] 
grem1_like_fl <-as.character(grem1_like_fl $gene_name) 
as.data.frame(grem1_like_fl) 
 
#grem1_like codes for A) 2nM highest at all time points B) 






data<- subset (data, fl_sum>24) 
alx4_like_fl <- data[which(data$FL_0nM_12hr >data$FL_2nM_12hr & 
data$FL_0nM_12hr >data$FL_4nM_12hr & data$FL_0nM_12hr 
>data$FL_8nM_12hr & data$FL_2nM_12hr >data$FL_4nM_12hr & 
data$FL_2nM_12hr >data$FL_8nM_12hr & data$FL_0nM_16hr 
>data$FL_2nM_16hr & data$FL_0nM_16hr >data$FL_4nM_16hr & 
data$FL_0nM_16hr >data$FL_8nM_16hr & data$FL_2nM_16hr 
>data$FL_4nM_16hr & data$FL_2nM_16hr >data$FL_8nM_16hr & 




16hr ), ] 
alx4_like_fl<-head(alx4_like_fl, 100) 
alx4_like_fl <-as.character(alx4_like_fl $gene_name) 
as.data.frame(alx4_like_fl) 
 
#alx4_like codes for A) 0nM highest at 12 hr and 16 hr, B) that 
2nM is second highest at 12 hr C) that a reverse graded response 












data<- subset (data, hl_sum>24) 
ptch1_like_hl<- subset (data, data$HL_2nM_6hr >data$HL_0nM_6hr & 
data$HL_4nM_6hr >data$HL_0nM_6hr & data$HL_8nM_6hr 
>data$HL_0nM_6hr  & data$HL_2nM_12hr >data$HL_0nM_12hr & 
data$HL_4nM_12hr >data$HL_0nM_12hr & data$HL_8nM_12hr 
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>data$HL_0nM_12hr  & data$HL_2nM_16hr >data$HL_0nM_16hr & 
data$HL_4nM_16hr >data$HL_0nM_16hr & data$HL_8nM_16hr 
>data$HL_0nM_16hr & data$HL_8nM_16hr >data$HL_4nM_16hr & 
data$HL_4nM_16hr >data$HL_2nM_16hr & data$HL_8nM_12hr 
>data$HL_4nM_12hr & data$HL_8nM_12hr >data$HL_2nM_12hr & 
data$HL_2nM_16hr <data$HL_2nM_12hr & data$HL_4nM_16hr 
<data$HL_4nM_12hr & data$HL_8nM_16hr <data$HL_8nM_12hr & 
data$HL_8nM_12hr > data$HL_8nM_6hr & data$HL_4nM_12hr > 
data$HL_4nM_6hr & data$HL_2nM_12hr > data$HL_2nM_6hr) 
 
ptch1_like_hl <-ptch1_like_hl[order(ptch1_like_hl 
$HL_0nM_16hr/ptch1_like_hl $HL_8nM_16hr ), ] 
ptch1_like_hl <-head(ptch1_like_hl, 100) 
ptch1_like_hl <-as.character(ptch1_like_hl $gene_name) 
as.data.frame(ptch1_like_hl) 
 
#ptch1_like_hl codes for A) induction by Shh at all 
concentrations and times.  B) to be graded at 16hr, C) for there 
to be accumulation at all concs betwen 6hr and 12 hrs D)for 
desensitisation between 12hr to 16hr in 2,4 and 8nM E) for 
partial gradation (8nM greater than 4nM or 2nM) by 12 hours and 






data<- subset (data, hl_sum>24) 
hoxd13_like_hl<- subset (data, data$HL_4nM_6hr >data$HL_0nM_6hr & 
data$HL_8nM_6hr >data$HL_0nM_6hr  & data$HL_2nM_12hr 
>data$HL_0nM_12hr & data$HL_4nM_12hr >data$HL_0nM_12hr & 
data$HL_8nM_12hr >data$HL_0nM_12hr  & data$HL_2nM_16hr 
>data$HL_0nM_16hr & data$HL_4nM_16hr >data$HL_0nM_16hr & 
data$HL_8nM_16hr >data$HL_0nM_16hr & data$HL_8nM_16hr 
>data$HL_4nM_16hr & data$HL_4nM_16hr >data$HL_2nM_16hr & 
data$HL_2nM_16hr<data$HL_2nM_12hr & data$HL_8nM_16hr > 
data$HL_8nM_6hr  & data$HL_4nM_16hr > data$HL_4nM_6hr & 





L_8nM_16hr ), ] 
hoxd13_like_hl <-as.character(hoxd13_like_hl $gene_name) 
hoxd13_like_hl <-head(hoxd13_like_hl, 100) 
as.data.frame(hoxd13_like_hl) 
 
#hoxd_like_hl codes for A) induction by Shh at all concentrations 
and times. B) For a graded response at 16h C) for 
desensitisation in 2nM between 12hr and 16hr D) accumulation 
from 8nM/4nM_6hr to 8nM/4nM_16hr E) 8nM is highest at 12hr 
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data<- subset (data, hl_sum>24) 
foxc2_like_hl<- data[which(data$HL_2nM_6hr >data$HL_0nM_6hr & 
data$HL_4nM_6hr >data$HL_0nM_6hr & data$HL_8nM_6hr 
>data$HL_0nM_6hr  & data$HL_2nM_12hr >data$HL_0nM_12hr & 
data$HL_4nM_12hr >data$HL_0nM_12hr & data$HL_8nM_12hr 
>data$HL_0nM_12hr & data$HL_2nM_16hr >data$HL_0nM_16hr & 
data$HL_4nM_16hr >data$HL_0nM_16hr & data$HL_8nM_16hr 
>data$HL_0nM_16hr & data$HL_8nM_12hr >data$HL_4nM_12hr & 
data$HL_4nM_12hr >data$HL_2nM_12hr & data$HL_8nM_16hr 
>data$HL_4nM_16hr & data$HL_8nM_16hr >data$HL_2nM_16hr & 
data$HL_8nM_12hr >data$HL_8nM_16hr & data$HL_4nM_12hr 




nM_12hr ), ] 
foxc2_like_hl<-tail(foxc2_like_hl, 100) 
foxc2_like_hl <-as.character(foxc2_like_hl $gene_name) 
as.data.frame(foxc2_like_hl) 
 
#Foxc2_like_hl codes for A) induction by Shh at all 
concentrations and times B) a partial graded response at 12 
hours and fully at 16 hours and C) that values at 12hr (2nM, 4nM 






data<- subset (data, hl_sum>24) 
smoc1_like_hl<- data[which(data$HL_2nM_6hr >data$HL_0nM_6hr & 
data$HL_4nM_6hr >data$HL_0nM_6hr & data$HL_8nM_6hr 
>data$HL_0nM_6hr  & data$HL_2nM_12hr >data$HL_0nM_12hr & 
data$HL_4nM_12hr >data$HL_0nM_12hr & data$HL_8nM_12hr 
>data$HL_0nM_12hr & data$HL_2nM_16hr >data$HL_0nM_16hr & 
data$HL_4nM_16hr >data$HL_0nM_16hr & data$HL_8nM_16hr 
>data$HL_0nM_16hr & data$HL_4nM_12hr >data$HL_8nM_12hr & 
data$HL_4nM_12hr >data$HL_2nM_12hr & data$HL_4nM_16hr 




nM_16hr ), ] 
smoc1_like_hl <-head(smoc1_like_hl, 100) 
smoc1_like_hl <-as.character(smoc1_like_hl $gene_name) 
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as.data.frame(smoc1_like_hl) 
 
#smoc1_like_fl codes for A) induction by Shh at all 
concentrations and times, B) 4nM shows the peak response at 12hr 






data<- subset (data, hl_sum>24) 
twonm_like_hl<- data[which(data$HL_2nM_6hr >data$HL_0nM_6hr & 
data$HL_4nM_6hr >data$HL_0nM_6hr & data$HL_8nM_6hr 
>data$HL_0nM_6hr  & data$HL_2nM_12hr >data$HL_0nM_12hr & 
data$HL_4nM_12hr >data$HL_0nM_12hr & data$HL_8nM_12hr 
>data$HL_0nM_12hr & data$HL_2nM_16hr >data$HL_0nM_16hr & 
data$HL_4nM_16hr >data$HL_0nM_16hr & data$HL_8nM_16hr 
>data$HL_0nM_16hr & data$HL_2nM_12hr >data$HL_4nM_12hr & 
data$HL_2nM_12hr >data$HL_8nM_12hr & data$HL_2nM_16hr 
>data$HL_4nM_16hr & data$HL_2nM_12hr >data$HL_8nM_16hr), ] 
 
twonm_like_hl <-twonm_like_hl[order(twonm_like_hl 




#twonm_like_fl codes for A) induction by Shh at all 
concentrations and times, B) 2nM highest at 12hr and 16hr C) 






data<- subset (data, hl_sum>24) 
sixhour_like_hl<- data[which(data$HL_2nM_6hr >data$HL_0nM_6hr & 
data$HL_4nM_6hr >data$HL_0nM_6hr & data$HL_8nM_6hr 
>data$HL_0nM_6hr  & data$HL_2nM_12hr >data$HL_0nM_12hr & 
data$HL_4nM_12hr >data$HL_0nM_12hr & data$HL_8nM_12hr 
>data$HL_0nM_12hr & data$HL_2nM_16hr >data$HL_0nM_16hr & 
data$HL_4nM_16hr >data$HL_0nM_16hr & data$HL_8nM_16hr 
>data$HL_0nM_16hr & data$HL_8nM_12hr >data$HL_4nM_12hr & 
data$HL_4nM_12hr >data$HL_2nM_12hr & data$HL_8nM_16hr 
>data$HL_4nM_16hr & data$HL_4nM_16hr >data$HL_2nM_16hr & 




$HL_0nM_6hr/sixhour_like_hl $HL_8nM_6hr ), ] 
sixhour_like_hl <-tail(sixhour_like_hl, 100) 
sixhour_like_hl <-as.character(sixhour_like_hl $gene_name) 
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as.data.frame(sixhour_like_hl) 
 
#sixhour_like_fl codes for A) induction by Shh at all 
concentrations and times B) a graded response at 12 hours and 16 
hours and C) that values at 6hr (2nM, 4nM and 8nM) are higher 
than at 12 or 16hr (2nM, 4nM and 8nM), D) ordered by greatest 






data<- subset (data, fl_sum>24) 
grem1_like_hl <- data[which (data$HL_2nM_6hr >data$HL_0nM_6hr & 
data$HL_2nM_12hr >data$HL_0nM_12hr & data$HL_2nM_12hr 
>data$HL_4nM_12hr & data$HL_2nM_12hr >data$HL_8nM_12hr & 
data$HL_2nM_16hr >data$HL_0nM_16hr & data$HL_2nM_16hr 
>data$HL_4nM_16hr & data$HL_2nM_16hr >data$HL_8nM_16hr & 
data$HL_4nM_16hr >data$HL_8nM_16hr & data$HL_4nM_16hr 
>data$HL_0nM_16hr & data$HL_4nM_12hr >data$HL_8nM_12hr & 




$HL_0nM_16hr/grem1_like_hl $HL_2nM_16hr ), ] 
grem1_like_hl <-as.character(grem1_like_hl $gene_name) 
as.data.frame(grem1_like_hl) 
 
#grem1_like codes for A) 2nM highest at 12hr and 16hr B) 4nM 
second highest at 16hr C) 2nM 12hr higher than 2nM 6hr D) 






data<- subset (data, fl_sum>24) 
alx4_like_hl <- data[which(data$HL_0nM_12hr >data$HL_2nM_12hr & 
data$HL_0nM_12hr >data$HL_4nM_12hr & data$HL_0nM_12hr 
>data$HL_8nM_12hr & data$HL_2nM_12hr >data$HL_4nM_12hr & 
data$HL_2nM_12hr >data$HL_8nM_12hr & data$HL_0nM_16hr 
>data$HL_2nM_16hr & data$HL_0nM_16hr >data$HL_4nM_16hr & 
data$HL_0nM_16hr >data$HL_8nM_16hr & data$HL_2nM_16hr 
>data$HL_4nM_16hr & data$HL_2nM_16hr >data$HL_8nM_16hr & 




16hr ), ] 
alx4_like_hl<-head(alx4_like_hl, 100) 
alx4_like_hl <-as.character(alx4_like_hl $gene_name) 
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as.data.frame(alx4_like_hl) 
 
#alx4_like codes for A) 0nM highest at 12 hr and 16 hr, B) that 
2nM is second highest at 12 hr C) that a reverse graded response 

























plot(x,y1, type= "o", main="Dlx5", font.main=4, col="black", 
xlab= "Time (hours)", ylab="Normalised read counts", pch=16, 
ylim=c(0,250), lwd=2.5) 
lines(x,y2, type= "o",col="red", pch=15, lwd=2.5) 
lines(x,y3, type= "o",col="139", pch=17, lwd=2.5) 
lines(x,y4, type= "o",col="blue", pch=15, lwd=2.5) 
 
legend(0,250, c("0nM", "2nM", "4nM", "8nM"), lty=c(1,1,1,1), 
lwd=c(2.5,2.5,2.5,2.5), col=c("black", "red", "139", "blue"), 
pch= c(16,15,17,15)) 
 
	  	  
 
	  
